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Epithelial ovarian cancer (EOC) is the leading cause of

gynecological cancer death in the United States. Cisplatin is

a DNA damaging agent initially effective against EOC but limited

by resistance. P53 plays a critical role in cellular response to DNA

damage and has been implicated in EOC response to platinum

chemotherapy. In this study, we examined the role of p53 status in

EOC response to a novel combination of cisplatin, sodium

arsenite, and hyperthermia. Human EOC cells were treated with

cisplatin ± 20mM sodium arsenite at 37�C or 39�C for 1 h. Sodium

arsenite ± hyperthermia sensitized wild-type p53-expressing

(A2780, A2780/CP70, OVCA 420, OVCA 429, and OVCA 433)

EOC cells to cisplatin. Hyperthermia sensitized p53-null SKOV-3

and p53-mutant (OVCA 432 and OVCAR-3) cells to cisplatin. P53

small interfering RNA (siRNA) transfection abrogated sodium

arsenite sensitization effect. XPC, a critical DNA damage

recognition protein in global genome repair pathway, was induced

by cisplatin only in wild-type p53-expressing cells. Cotreatment

with sodium arsenite ± hyperthermia attenuated cisplatin-induced

XPC in wild-type p53-expressing cells. XPC siRNA transfection

sensitized wild-type p53-expressing cells to cisplatin, suggesting

that sodium arsenite ± hyperthermia attenuation of XPC is

a mechanism by which wild-type p53-expressing cells are

sensitized to cisplatin. Hyperthermia ± sodium arsenite enhanced

cellular and DNA accumulation of platinum in wild-type p53-

expressing cells. Only hyperthermia enhanced platinum accumu-

lation in p53-null cells. In conclusion, sodium arsenite ±
hyperthermia sensitizes wild-type p53-expressing EOC cells to

cisplatin by suppressing DNA repair protein XPC and increasing

cellular and DNA platinum accumulation.
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Epithelial ovarian cancer (EOC) is the leading cause of

gynecological cancer death among women in the United States

(Jemal et al., 2010). Front-line treatment is cytoreductive surgery

followed by intraperitoneal and/or intravenous platinum chemo-

therapy with taxane (McGuire et al., 1996). Within 5 years after

initial treatment, the disease recurs in 60–70% of patients. In

addition, ~25% of ovarian cancers are ‘‘innately’’ resistant to

platinum and respond poorly to initial chemotherapy.

Cisplatin and its analogues cause DNA damage to induce

cell death (Stewart, 2007). However, cellular processes such as

enhanced platinum-DNA damage tolerance, platinum-DNA

repair, cisplatin metabolism, and cellular export and reduced

accumulation confer resistance to cisplatin (Cepeda et al.,
2007). Resistance decreases the effectiveness of cisplatin.

Therefore, it is very important to develop pharmacological

agents to improve cisplatin efficacy and decrease morbidity and

mortality.

Combined hyperthermia and cisplatin are used to treat

ovarian cancer (Helm et al., 2008). However, complete

remission is not attained (Dovern et al., 2010). The goal of

this study was to determine if adding sodium arsenite to

combined cisplatin and hyperthermia will sensitize ovarian

cancer cells to cisplatin.

Arsenic is both an environmental hazard and a chemother-

apeutic. Trisenox (arsenic trioxide) was approved by the U.S.

Food and Drug Administration in 2001 for the treatment of ‘‘all

trans’’ retinoic acid-resistant acute promyelocytic leukemia

(Cohen et al., 2001). In vitro studies demonstrate that arsenic

trioxide induces apoptosis in solid cancer cells including

gastric, colon, pancreatic, lung, prostate, and ovarian cancer

(Cui et al., 2008; Murgo, 2001). Arsenic trioxide inhibits the

growth of orthotopic metastatic prostate cancer and peritoneal
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metastatic ovarian cancer (Maeda et al., 2001; Zhang and

Wang, 2006). Arsenic sensitizes cancer cells to hyperthermia,

radiation, cisplatin, adriamycin, doxorubicin, and etoposide

(Chun et al., 2002; Griffin et al., 2003; Uslu et al., 2000; Wang

et al., 2001). Arsenic is additive or synergistic with cisplatin in

inducing cytotoxicity following prolonged exposure (Wang

et al., 2001; Zhang et al., 2009). Mechanisms of arsenic-

induced cell death include formation of oxidative DNA damage

(Nakagawa et al., 2002), activation of the Fas pathway (Kong

et al., 2005), inhibition of nucleotide excision repair (NER)

pathway (Muenyi et al., 2011; Nollen et al., 2009), and

causation of mitotic catastrophe (Taylor et al., 2008).

Arsenic has biological effects similar to cisplatin and

hyperthermia. Like cisplatin, arsenic is detoxified by gluta-

thionylation and exported by multidrug resistant proteins

(Leslie et al., 2004). Like hyperthermia, arsenic causes

oxidative stress and mitotic catastrophe (Taylor et al., 2008).

Thus, arsenic potentially can effectively augment both

hyperthermia- and cisplatin-induced cytotoxicity.

In response to DNA damage, p53 is activated and stabilized

by upstream DNA damage sensors. Activated p53 regulates

cell cycle arrest, DNA repair, and apoptosis (Efeyan and

Serrano, 2007). The p53 gene is mutated in 50% of human

cancers (Olivier et al., 2002), including epithelial ovarian

cancer (Schuijer and Berns, 2003). The role of p53 in ovar-

ian cancer response to platinum chemotherapy remains unclear.

Several clinical studies suggest better response to platinum

chemotherapy in patients with p53-mutated tumors than those

with wild-type p53 tumors (Havrilesky et al., 1995; Nakayama

et al., 2003; Okuda et al., 2003). Likewise, in vitro studies also

demonstrate that p53-mutated and p53-null cancer cells are

more sensitive to cisplatin than those expressing wild-type p53

(Hagopian et al., 1999; Havrilesky et al., 1995). Therefore,

presence of wild-type p53 is generally associated with

resistance to cisplatin.

Enhanced platinum-DNA damage repair by the NER

pathway is an important mechanism of cisplatin resistance

(Parker et al., 1991). P53 regulates NER by transcriptionally

regulating xeroderma pigmentosum group C protein (XPC) and

DNA damage binding protein 2 (DDB2), which are DNA

damage recognition proteins in global genome repair-NER

subpathway (Ford, 2005). XPC is required for platinum-DNA

damage repair (Neher et al., 2010). We recently showed that

sodium arsenite and hyperthermia interfere with mechanisms of

cisplatin resistance in metastatic tumors by attenuating XPC

expression and enhancing platinum accumulation (Muenyi

et al., 2011).

The present manuscript addresses how the p53 status of

ovarian cancer cells affects response to the combination of

cisplatin, sodium arsenite, and hyperthermia. We show here

that combined sodium arsenite and hyperthermia sensitize

wild-type p53-expressing ovarian cancer cells to cisplatin by

attenuation of cisplatin-induced XPC and enhancement of

cellular and DNA platinum accumulation.

MATERIALS AND METHODS

Chemicals. Bovine serum albumin (BSA), MTT (3-[4,5-dimethylthiazol-

2-yl]-2,5-diphenyltetrazolium bromide), RNase A, cisplatin, and sodium

arsenite were purchased from Sigma-Aldrich (St Louis, MO). Dimethyl

sulfoxide (DMSO) was purchased from Fisher Scientific (Pittsburgh, PA).

Stock solutions (cisplatin in PBS [1 mg/ml] and sodium arsenite in water

[10mM]) were prepared freshly on the day of treatment and filter sterilized

(0.22 lm) prior to use. Trisenox (arsenic trioxide dissolved in 1M NaOH) and

sodium arsenite both generate the same reactive species (As[OH]3) in solution

(pharmacological form of arsenic). We used sodium arsenite for our studies

because it is readily soluble in water and cell culture media. The concentration

of arsenite we used corresponds to the level that could be incorporated into an

intraperitoneal chemotherapeutic regimen in ovarian cancer patients similar to

that used in our published mouse model studies (Muenyi et al., 2011). This

concentration was based on calculation of the total dose of arsenic trioxide

given intravenously to an acute promyelogenous leukemia patient in a single

day, as if it was put in 2-l saline solution to be applied intraperitoneally.

Treatment of cells with arsenite alone for 1 h had no impact on cell viability

judged in MTT or colony forming assays (data not shown).

Cells and cell culture. A2780 and A2780/CP70 human ovarian cancer

cells were the kind gifts of Dr Eddie Reed (The Mitchell Cancer Institute,

University of South Alabama, Mobile, AL). SKOV-3 human ovarian cancer

cells were the kind gift of Dr Donald Miller (Department of Medicine,

University of Louisville, Louisville, KY). OVCA 420, OVCA 429, OVCA 432,

and OVCA 433 human ovarian cancer cells were the kind gift of Dr Zahid

Siddik (Department of Gynecologic Oncology, The University of Texas M.D.

Anderson Cancer Center, Houston, Texas). OVCAR-3 human ovarian cancer

cells were purchased from American Type Culture Collection (Manassas, VA).

A2780, A2780/CP70, OVCA 420, OVCA 429, OVCA 432, and OVCA 433

cells were maintained in RPMI 1640 media supplemented with 10% fetal

bovine serum, 100 U/ml penicillin, 100 lg/ml streptomycin, 2mM L-glutamine,

and 0.2 units/ml insulin (Novolog, Novo Nordisk Inc., Princeton, NJ). SKOV-3

cells were maintained in McCoy’s 5A media supplemented 10% FBS and

100 U/ml penicillin, 100 lg/ml streptomycin. OVCAR-3 cells were maintained

in RPMI 1640 media supplemented with 20% fetal bovine serum, 100 U/ml

penicillin, 100 lg/ml streptomycin, 2mM L-glutamine and 0.01 mg/ml bovine

insulin (Sigma). Cells were cultured in an atmosphere of 95% humidity and

5% CO2 at 37�C. Cells were passaged twice weekly and replated at a density of

1 3 106 cells/150 mm dish.

Cell viability assay. The growth inhibitory effects of cisplatin, sodium

arsenite, and hyperthermia were evaluated using MTT (3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide) cell viability assay. Briefly, 2500 cells per

well were seeded overnight in a 96-well plate. Cells were treated with cisplatin ±

20lM sodium arsenite at 37�C or 39�C for 1 h. After treatment, cells were washed

twice with PBS and refed with drug-free medium and incubated at 37�C for 5 days

prior to MTT assay. Control for no surviving cells (blank) was cells treated with

0.1 mg/ml hygromycin B (Mediatech, Herndon, VA). Five days after treatment,

cell culture media were dumped from the cells and the dish blotted on Whatman

paper, 25 ll of 2 mg/ml MTT (in PBS) was added per well and the dish incubated

at 37�C for 1 h. Then 200 ll DMSO was added per well and the dish incubated at

37�C for 1 h. Absorbance was measured at 570 nm. The absorbance values

corresponded to the number of viable cells. Cell viability was calculated as

follows and plotted against concentration of cisplatin.

%cell viability ¼ 1003 ðMean of triplicate�treated samples� BlankÞ
ðMean of triplicate�untreated samples� BlankÞ

Data are expressed as means ± SEM of at least four independent

experiments. Each experiment was done in triplicate wells for each treatment

condition.

The results of MTT assays corresponded to results obtained in colony

forming assays performed by replating cells at low density immediately after

treatment with cisplatin (data not shown).
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P53 and XPC siRNA transfections. One million cells were transfected

with 0.4lM of either XPC or p53 smart pool small interfering RNAs (siRNAs)

(Dharmacon, no. L-016040-00 and M-003329-01, respectively), nontargeting

control (NSC) pool (Dharmacon, no. D-001206-13-05), or 1x universal buffer

(Dharmacon, no. B-001050-UB-015) using the Amaxa Nucleofector Kit V

(Lonza, cat no. VCA-1003, 2.5 ml). After transfection, 2500 cells per well were

plated in 96-well plate for MTT assay and 1 3 105 cells were plated in 6 cm

dish for Western blot analysis. Cells were incubated at 37�C for 23 h and then

treated with cisplatin ± 20lM sodium arsenite at 37�C for 1 h. After treatment,

cells were washed twice with PBS and refed with drug-free medium and

incubated at 37�C for 5 days prior to MTT assay. Protein lysates were collected

at 0 (immediately) and 24 h after treatment for Western blot analyses.

Western blot analyses. Total cellular lysates were prepared from treated

cells at 0 (immediately), 6, 12, 24, and 36 h after treatment. Cells were lysed

with lysis solution (10mM Tris-HCl pH 7.4, 1mM EDTA, 1% sodium dodecyl

sulfate, 180 lg/ml phenylmethylsulphonylfluoride). After removal of debris by

centrifugation at 13,000 3 g for 45 min at 4�C, total protein concentration in

supernatant was determined by Bradford assay (Bio-Rad, Hercules, CA), using

BSA as standard. Proteins were loaded (30–40 lg/lane) and resolved by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis and electro-transferred to

nitrocellulose membranes. Membranes were probed with mouse monoclonal

antibodies for p53 (Neomarkers, DO-1, dilution 1: 1000), XPC (Abcam, no.

ab6264, dilution 1:1000), ß-actin (Sigma, no. A 5441, dilution 1:10,000), or

rabbit polyclonal antibodies for phospho-p53 Ser15 (Cell Signaling Technology,

no. 9284, dilution 1:500), XPC (Novus, no. NB100-58801, dilution 1:10,000),

and XPC (Santa Cruz, A-5, no. SC-74411, 1:500). Secondary antibodies (rabbit

anti-mouse IgG, no. 81-6120 or goat anti-rabbit, no. 81-6120, dilution 1:2500)

conjugated to horseradish peroxidase (Zymed Laboratories, Inc., South San

Francisco, CA) were bound to primary antibodies, and protein bands detected

using enhanced chemiluminescence substrate (Pierce, Rockford, IL) followed by

exposure to Kodak XAR x-ray film. ß-actin was used as the loading control.

Cellular platinum accumulation studies. Cells (1 3 106/10 cm dish) were

treated with cisplatin ± 20lM sodium arsenite at 37�C or 39�C for 1 h

(designated CP 37, CPA 37, CP 39, CPA 39). The cell monolayers were

washed twice with PBS, harvested, and lysed with protein lysis solution.

Samples were removed for protein determination using the bicinchoninic acid

method according to manufacturer’s instructions (Pierce, Rockford, IL,

microwell plate protocol). Samples were prepared and assayed for platinum

using inductively coupled plasma mass spectrometry (ICP-MS) as previously

described (Muenyi et al., 2011). Cellular platinum levels were expressed as

nanogram platinum per milligram protein. Results are the mean of 3 ICP-MS

determinations for each data point ± SD from three independent experiments.

Determination of DNA bound platinum. After treatment, cells were

lysed with DNA lysis buffer (0.5M Tris-HCl (pH 8.0), 20mM EDTA, 10mM

NaCl, 1% SDS, and 0.5 mg/ml proteinase K) and incubated overnight at

37�C. Residual proteins were precipitated using saturated NaCl solution

followed by centrifugation (room temperature, 30 min, 500 3g). The

supernatants were collected, mixed with two volumes of 96% ethanol, and

inverted several times to precipitate DNA. The precipitated DNA was

recovered and incubated at 37�C with 100-lg heat-treated RNase A/ml 1X TE

buffer (10mM Tris-HCl [pH 7.4] and 1.0mM Na2EDTA) for 3 h. DNA was

recovered using 11M ammonium acetate pH 6.5 and two volumes of cold

96% ethanol. DNA was quantified by A260 and purity determined by A260/

A280 ratio. Samples were prepared and assayed for platinum using ICP-MS as

previously described (Muenyi et al., 2011). Platinum bound to DNA was

expressed as picogram platinum per microgram DNA. Results are the mean of

3 ICP-MS determinations for each data point ± SD from three independent

experiments.

Statistical analysis. An analysis of covariance model was fitted to data

from the cell viability experiments, regressing the log of the percent viability

onto a quadratic function of the cisplatin concentration. The full model, with

separate regression curves for each experimental combination, was

log
�
yijkl

�
¼ aij þ b1ijxk þ b2ijx

2
kþ 2ijkl; ð1Þ

where i ¼ 1 (37�C), 2 (39�C) indicates the temperature setting, j ¼ 1, 2

indicates the presence/absence of sodium arsenite, k ¼ 1, . . , K indicates the

cisplatin level, and l ¼ 1, . . , N indicates the replicate number (N ¼ 3 or 4 in all

cases). The response yijkl is the percent viability, the parameters aij, b1ij, and b2ij

represent the intercept, slope, and quadratic term, respectively, for the ijth

combination of temperature setting and arsenite treatment, and eijkl ~ N(0, r2) is

a normally distributed error term. In all, the model contains 16 parameters that

are estimated. To test for interaction between the temperature setting and

presence/absence of sodium arsenite, this model was compared with a reduced

model which had only main effect terms for the two experimental factors. This

model was parameterized as

log
�
yijkl

�
¼ lþ a1i þ a2i þ b0xk þ b1ix

2
k

þ b2jx
2
k þ c0xk þ c1ix

2
k þ c2jx

2
kþ 2ijkl;

ð2Þ

with the constraint a11 ¼ a21 ¼ b11 ¼ b21 ¼ c11 ¼ c21 ¼ 0 for identifiability

purposes. This model contains 12 total parameters, and an F-test comparing the

residual sums of squares between the two models was used to test for

significance of the interaction terms. To test for overall significance of the

experimental factors, Model 1 was compared with a reduced model with only

three parameters, an intercept plus linear, and quadratic terms for cisplatin. To

test for differences in regression curves between experimental groups, e.g.,

CPA 39�C versus CPA 37�C, Model 1 was compared with a reduced model

obtained under the restriction of the null hypothesis (e.g., that the regression

curves for CPA 39�C and CPA 37�C are the same). Main effects for the two

experimental conditions, temperature and arsenite treatment, were obtained by

comparing Model 2 with a reduced model obtained by removing the parameters

associated with that experimental condition. Similar tests were performed for

the other cell viability experiments and for the platinum accumulation

experiments. Additional statistical analyses were performed using one-way

analysis of variance and Student’s t-test, where noted. Model fitting and testing

were carried out using the R statistical programming software, version 2.12.1

(R Development Core Team, 2011). An a level of 0.05 was used to determine

statistical significance, and all experiments were performed using at least three

independent biological replicates.

RESULTS

Sodium Arsenite ± Hyperthermia Selectively Sensitizes
Wild-Type p53-ExpressingOvarianCancerCells toCisplatin

P53 regulates DNA repair and is frequently mutated in

ovarian cancer cells. Thus, it is very important to determine if

the p53 status will affect response to DNA damaging agent

cisplatin combined with sodium arsenite and hyperthermia. We

used wild-type p53-expressing cisplatin-sensitive (A2780) and

cisplatin-resistant (A2780/CP70, OVCA 420, OVCA 429, and

OVCA 433) and p53-null (SKOV-3) and p53-mutated

(OVCAR-3 and OVCA 432) cisplatin-resistant human ovarian

cancer cells for this study. Our results show that cotreatment

with sodium arsenite or hyperthermia moderately enhanced

cisplatin cytotoxicity in cells expressing wild-type p53

(Fig. 1A). Overall tests of treatment effect were all highly

significant (p < 10�4, see Supplementary table 1), whereas

tests of interaction between hyperthermia and sodium arsenite

treatment were only significant for the A2780 and OVCA

429 cell lines (p < 10�4). Differences between 37�C and 39�C
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temperatures were significant both as main effects and when

evaluated separately in CPA and CP treatments (p < 10�4 for

all cell lines, Supplementary table 1). The effect of arsenite

treatment was also significant as a main effect and when

evaluated separately within each temperature, with the

exception of CPA 37�C versus CP 37�C for the OVCA 429

cell line. However, combined sodium arsenite and hyperther-

mia more effectively potentiates cisplatin cytotoxicity in

wild-type p53-expressing cells (Fig. 1A, CPA 39�C, and

Supplementary table 1). In contrast, hyperthermia clearly

sensitized p53-null and p53-mutated cells to cisplatin with or

without arsenite cotreatment but addition of arsenite only

marginally sensitized these cells (Fig. 1B). Again, overall tests

of treatment effect were highly significant (p < 10�4).

However, tests for interaction between hyperthermia and

sodium arsenite treatment were all nonsignificant. Hyperther-

mia had a pronounced effect in both CP- and CPA-treated cell

lines, but arsenite treatment was only significant for 39�C
samples (with the exception of OVCA 432, which had

p ¼ 0.04 for CPA 37�C vs. CP 37�C). Combining sodium

arsenite with hyperthermia did increase cisplatin sensitivity in

cells lacking functional p53 to some extent (Fig. 1B and

Supplementary table 1).

Sodium Arsenite Requires Functional p53 to Sensitize Cells to
Cisplatin

Data in Figure 1 indicate that sodium arsenite sensitizes

primarily wild-type p53-expressing cells to cisplatin. To test

whether sodium arsenite requires functional p53 to sensitize cells

to cisplatin, we transfected A2780 and A2780/CP70 cells with

p53 smart pool siRNA, NSC, or universal buffer (mock).

Western blot data confirmed suppression of p53 at 24 h after

transfection for A2780 cells (Fig. 2A) and at 24 and 48 h for

A2780/CP70 cells (Fig. 2C). Results of viability determinations

indicate that suppression of p53 abrogates sodium arsenite

sensitization to cisplatin (Figs. 2B and D, p > 0.5 for differences

between CPA and CP curves, see Supplementary table 2).

Moderate sensitization to cisplatin by cotreatment with sodium

arsenite was observed in cells transfected with NSC and mock

(Figs. 2B and D, p < 10�4 except NSC in A2780 cells,

Supplementary table 2). These data indicate that sodium arsenite

requires functional p53 to sensitize cells to cisplatin.

FIG. 1. Cell viability as determined by MTT assay. (A) Wild-type p53-expressing A2780, A2780/CP70, OVCA 420, OVCA 429, and OVCA 433 cells.

(B) P53-null (SKOV-3) and p53-mutated (OVCAR-3 and OVCA 432) cells. Cells were cotreated with the indicated concentrations of cisplatin with (filled symbols) or

without (open symbols) 20lM sodium arsenite and incubated at 37�C (circles) or 39�C (triangles) for 1 h. Cells were then washed twice with PBS and refed with fresh

media and incubated for 5 days at 37�C. MTT assay was performed on day 5. Data are expressed as percentage of untreated control and plotted as means ± SEM of at

least four independent experiments each performed with triplicate wells. R2 values for the best fitting quadratic polynomial curves were all > 0.99.
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Induction of XPC Is p53-Dependent

Cisplatin-DNA damage is repaired by the NER system. P53

regulates the NER pathway by transcriptionally activating XPC

and DDB2, which are DNA damage recognition proteins in

the global genome repair-NER subpathway (Ford, 2005). We

recently showed that sodium arsenite and hyperthermia

suppress cisplatin-induced XPC in metastatic EOC xenograft

tumors (Muenyi et al., 2011). Thus, the observed p53

dependence of sodium arsenite sensitization may be related

to the role of p53 in DNA repair. We determined the expression

of p53, p53 phosphorylated on ser15 (p53Ser15P), DDB2, and

XPC in A2780, A2780/CP70, and SKOV-3 cells 24 h after

treatment (Fig. 3). P53 and p53Ser15P induction occurred in

a cisplatin concentration–dependent manner in the wild-type

p53-expressing A2780 and A2780/CP70 cells (Fig. 3). DDB2

induction in response to cisplatin treatment was robust in the wild-

type p53-expressing cells but modest in p53-null SKOV-3 cells.

Induction of XPC occurred only in wild-type p53-expressing

A2780 and A2780/CP70 cells. Similarly, XPC induction was

observed also in wild-type p53-expressing OVCA 420 cells (data

not shown). These data suggest that XPC induction by cisplatin is

mediated by p53 in these EOC cell lines.

Sodium Arsenite ± Hyperthermia Sensitizes Wild-Type
p53-Expressing Cells to Cisplatin by Attenuating XPC

Data in Figure 3 indicate that induction of XPC occurs only

in wild-type p53-expressing cells. Therefore, we determined if

sodium arsenite and/or hyperthermia alter XPC levels. Cells

were treated for 1 h with their respective half maximal

inhibitory concentration (IC50) cisplatin ± 20lM sodium

arsenite at 37�C or 39�C. P53 Ser15P, and XPC were induced

in a time-dependent manner after cisplatin treatment in A2780

and A2780/CP70 cells (Fig. 4A, CP 37�C). Cotreatment with

sodium arsenite attenuated cisplatin-induced XPC in both

A2780 and A2780/CP70 cells (Fig. 4A, CPA 37�C).

Hyperthermia cotreatment did not alter cisplatin-induced XPC

FIG. 2. Cell viability and Western blot analysis of cells transfected with p53 siRNA. (A and C) Western blot analyses of A2780 and A2780/CP70 cells

respectively each transfected with p53 siRNA, NSC, or mock. (B and D) Viability of respective A2780 and A2780/CP70 cells transfected with p53 siRNA, NSC,

or mock. A2780 and A2780/CP70 cells were transfected with p53 smart pool siRNA, NSC, or mock. At 23 h after transfection, cells were treated with the indicated

concentrations of cisplatin with (d) or without (o) 20lM sodium arsenite for 1 h at 37�C. Protein lysates for Western blot analyses were prepared at 24 and 48 h

after transfection. MTT assay was performed 5 days after treatment. Data in panels A and C are representative of three independent experiments. Data in panels B

and D are means ± SD from three independent experiments.
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(Fig. 4A, CP 39�C). Combined treatment with sodium arsenite

and hyperthermia also attenuated cisplatin-induced XPC (Fig.

4A, CPA 39�C). XPC was not induced by cisplatin in p53-null

SKOV-3 cells and sodium arsenite ± hyperthermia did not

suppress XPC in these cells (Fig. 4B). In order to better

understand the significance of XPC suppression, we transfected

A2780, A2780/CP70, and SKOV-3 cells with XPC smart pool

siRNA, NSC, or mock. Suppression of XPC was confirmed by

Western blot (Fig. 4C). Suppression of XPC moderately

sensitized A2780 and A2780/CP70 cells to cisplatin (p < 10�4

vs. NSC and Mock, Supplementary table 3) but had no effect on

SKOV-3 cells (Fig. 4D), similar to the effects observed for

arsenite cotreatment (Fig. 1). These data suggest that attenuation

of XPC by sodium arsenite ± hyperthermia is a mechanism of

sensitizing wild-type p53-expressing EOC cells to cisplatin.

Hyperthermia ± Sodium Arsenite Enhance Cellular
Accumulation of Cisplatin

Decreased cellular accumulation is an important mechanism

of cisplatin-resistance (Cepeda et al., 2007; Jones et al., 1991).

We used ICP-MS to determine cellular levels of platinum to see if

differential cellular platinum accumulation contributes to re-

sistance and also to determine if hyperthermia and/or sodium

arsenite enhance platinum accumulation (Fig. 5). Platinum

accumulation linearly correlated with cisplatin concentration

(Fig. 5A). A2780 and SKOV-3 cells accumulated similar levels

of platinum (p ¼ 0.97, Supplementary table 4) and approxi-

mately twofold more platinum than A2780/CP70 cells (p< 10�4,

Fig. 5A and Supplementary table 4). Hyperthermia alone or in

combination with sodium arsenite enhanced platinum accumu-

lation in A2780 cells (Fig. 5B, left panel). Cotreatment with

sodium arsenite and hyperthermia significantly enhanced

cellular platinum accumulation in A2780/CP70 cells (Fig. 5B,

center panel). In contrast, only hyperthermia enhanced cellular

accumulation of platinum in SKOV-3 cells (Fig. 5B, right panel).

Hyperthermia ± Sodium Arsenite Increase Platinum Binding
to DNA

The cytotoxicity of cisplatin is known to depend on its direct

interaction with DNA to form bulky platinum-DNA adducts

(Earley and Turchi, 2011). We tested the hypothesis that

sodium arsenite and hyperthermia sensitize cells to cisplatin by

increasing platinum binding to DNA. Using ICP-MS, we

determined platinum bound to DNA immediately after

treatment (0 h) to measure initial platinum binding to DNA

and 24 h after treatment to determine repair of platinum-DNA

adducts. We observed that hyperthermia alone or in combina-

tion with sodium arsenite significantly increased initial

platinum binding to DNA in A2780 and A2780/CP70 cells

(Fig. 6). In SKOV-3 cells, only hyperthermia favored initial

binding (0 h). Platinum retention on DNA 24 h after treatment

was favored by sodium arsenite, hyperthermia, or the

combination in A2780 cells. Platinum retention in A2780/

CP70 and SKOV-3 cells was favored by hyperthermia only.

DISCUSSION

This study was aimed at determining the efficacy and mech-

anisms of action of a novel combination of cisplatin, sodium

arsenite, and hyperthermia in human EOC cells with different

p53 status. We used a panel of wild-type p53-expressing

cisplatin-sensitive and cisplatin-resistant, as well as, p53-null

and p53-mutated cisplatin-resistant human EOC cells for this

study. We showed for the first time that combining sodium

arsenite and hyperthermia sensitizes wild-type p53-expressing

cells to cisplatin (Fig. 1A). In contrast, only hyperthermia

sensitized p53-null or p53-mutated cells to cisplatin (Fig. 1B).

Knockdown of p53 abrogated sodium arsenite sensitization to

cisplatin-induced cytotoxicity (Fig. 2). Taken together, these

results indicate that the sodium arsenite effect is p53-dependent

and the hyperthermia effect is not.

Cisplatin cytotoxicity involves platinum-DNA damage

formation. However, enhanced platinum-DNA damage repair

confers resistance to cisplatin. Platinum-DNA damage is

repaired by the NER pathway (Martin et al., 2008). P53

regulates NER by transcriptionally regulating XPC and DDB2,

critical DNA damage recognition proteins in global genome

repair, a subpathway of NER (GGR-NER) (Ford, 2005). XPC

is required for platinum-DNA damage recognition by GGR-

NER (Neher et al., 2010). Basal expression of XPC was

observed in both wild-type p53 and p53-null cells, consistent

with a report that in addition to p53, other proteins are involved

in regulating XPC levels (Lin et al., 2009). However, cisplatin-

dependent induction of XPC occurred only in wild-type

p53-expressing cells but not in p53-null cells (Fig. 3),

indicating that cisplatin-induction of XPC is regulated by p53

in these cells. Cotreatment with sodium arsenite alone or in

combination with hyperthermia suppressed cisplatin-induced

XPC in the wild-type p53 cells (Fig. 4A, CPA 37�C and CPA

39�C), consistent with our in vivo findings (Muenyi et al.,
2011). Suppression of XPC by sodium arsenite ± hyperthermia

is a mechanism of sensitizing wild-type p53-expressing cells

to cisplatin because XPC siRNA transfection moderately

FIG. 3. Cisplatin concentration–dependent induction of p53, p53Ser15P,

XPC, and DDB2. Cells were treated with the indicated concentrations of

cisplatin (CP) at 37�C for 1 h. After treatment, cells were washed twice with

PBS and incubated in drug-free media for 24 h, and protein lysates were then

prepared and analyzed by Western blot as detailed in the Materials and

Methods section. ß-actin is the loading control. Blots are representative of three

independent experiments.
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FIG. 4. Suppression of cisplatin-induced XPC by sodium arsenite and hyperthermia and the effect of XPC siRNA transfection on cisplatin cytotoxicity. (A and B) Western

blot analyses of XPC and p53Ser15P in A2780 and A2780/CP70 cells. Cells were treated with their IC50 cisplatin (CP; A2780, 4lM; A2780/CP70, 40lM; SKOV-3, 20lM) or

CP plus 20lM sodium arsenite (CPA) at 37 or 39�C for 1 h. After treatment, cells were washed with PBS and incubated in drug-free media. Protein lysates were prepared at 0, 6,

12, 24, and 36 h for Western blot analyses. ß-actin is the loading control. Data are representative blots of three independent experiments. (B) Western blot analyses of XPC in

SKOV-3 cells. Cells were treated with cisplatin± sodium arsenite as indicated for 1 h, then washed and reincubated in drug-free media for 24 or 36 h. Then, lysates were prepared

for Western blot analyses. (C) Western blot analyses of XPC after XPC siRNA transfection. (D) Viability of A2780, A2780/CP70, and SKOV-3 cells after XPC siRNA (:),

NSC (d), or mock (¤) transfection. Cells were transfected with XPC smart pool siRNA, NSC, or mock. At 23 h after transfection, cells were treated with the indicated

concentrationsof cisplatin (D) or respective IC50 cisplatin (CP; A2780,4lM; A2780/CP70,40lM;SKOV-3, 20lM) (C). After treatment, cells werewashed twicewith PBSand

incubated in drug-free media. MTT assay was performed 5 days after treatment. Protein lysates for Western blot analyses were prepared at 24 and 48 h after transfection. Data in

panels A, B, and C are representative blots for three independent experiments. Data in panel D are plotted as means ± SD of three independent experiments.
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sensitized A2780 and A2780/CP70 cells to cisplatin (Fig. 4E).

Given that XPC is critical for platinum-DNA damage

recognition in GGR-NER, attenuation of XPC expression

could diminish the assembly of the downstream NER repair

complex (Nollen et al., 2009) and subsequently decrease DNA

repair. In addition, suppression of XPC by arsenite may

enhance oxidative DNA damage (Liu et al., 2010) thereby

augmenting cisplatin cytotoxicity. Because induction of XPC

by cisplatin is dependent on p53 (Supplemental figure 1) and

because arsenite selectively suppressed cisplatin-induced XPC

only in cells expressing functional p53, arsenite is possibly

inhibiting p53 function directly or indirectly in order to abrogate

XPC expression. Arsenic has been reported to inhibit p53 DNA–

binding activity by inhibiting casein kinase 2, which is required

FIG. 5. Cellular platinum accumulation and effect of sodium arsenite and hyperthermia. (A) Cisplatin concentration–dependent accumulation of platinum

in A2780 (:), A2780/CP70 (n), and SKOV-3 (d) cells. The regression equation for A2780 cells is: y ¼ 0.68 þ 0.74x; A2780/CP70 cells, y ¼ 0.55 þ 0.30x;

SKOV-3 cells, y ¼ 0.11 þ 0.75x; R2 ¼ 0.95 for the overall fit to the data. (B) Effect of sodium arsenite and hyperthermia on cellular platinum accumulation.

A2780, A2780/CP70, and SKOV-3 cells were treated with the indicated cisplatin concentrations for 1 h at 37�C (A) or with 40lM cisplatin ± 20lM sodium

arsenite at 37�C or 39�C for 1 h (B). Cells were harvested immediately after treatment for total cellular platinum determination. Data are plotted as means ± SD of

three independent experiments. p < 0.05. *compared with CP37, # compared with CPA 37, and f compared with CP39.

FIG. 6. Alteration of platinum bound to DNA by sodium arsenite and hyperthermia. A2780, A2780/CP70, and SKOV-3 cells were treated with 40lM

cisplatin for 1 h at 37�C or 39�C. Total genomic DNA was isolated at 0 (immediately) and 24 h after treatment for platinum bound to DNA determination. Data are

means ± SD of three independent experiments. p < 0.05; *compared with CP37 0 h, # compared with CP39 0 h, † compared with CP37 24 h, and U compared with

CP39 24 h.

146 MUENYI ET AL.

http://www.toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kfs085/-/DC1


for p53 phosphorylation on serine 392 (p53Ser392P) (Tang

et al., 2006). However, p53Ser392P levels were unaffected by

sodium arsenite and/or hyperthermia in A2780, A2780/CP70,

and OVCA 420 cells (data not shown), suggesting that arsenite is

not acting by inhibiting casein kinase 2 (CK2) in these ovarian

cancer cells. Therefore, other mechanisms such as poly (ADP-

ribosyl)ation of p53 by arsenite may be involved in p53

inactivation (Komissarova and Rossman, 2010).

Decreased cellular platinum accumulation is an important

mechanism of cisplatin-resistance. Previous studies using

atomic absorption spectroscopy to measure platinum levels

have shown that A2780 cells accumulate approximately

twofold more platinum than A2780/CP70 cells (Parker et al.,
1991). Here, we used a more sensitive analytical technique

(ICP-MS) and showed that A2780 cells accumulate ~2.3-fold

more platinum than A2780/CP70 cells (Fig. 5A), consistent

with earlier cellular platinum measurements. In addition, we

showed that A2780 and SKOV-3 cells accumulated similar

level of cellular platinum, consistent with earlier findings

by Johnson et al. (1997). Potential competition for the

detoxification and efflux pathway by arsenic and cisplatin

may increase cellular accumulation of platinum (Cepeda et al.,
2007; Leslie et al., 2004). Meanwhile, hyperthermia could

potentially increase membrane permeability, which will allow

more drugs to enter the cells. We showed that hyperthermia ±
sodium arsenite significantly enhanced cellular accumulation of

platinum in A2780 cells (Fig. 5B, left panel). Combined

sodium arsenite and hyperthermia also significantly enhanced

platinum accumulation in A2780/CP70 cells (Fig. 5B, center

panel), consistent with our in vivo findings (Muenyi et al.,
2011). However, only hyperthermia increased cellular platinum

accumulation in SKOV-3 cells (Fig. 5B, right panel),

consistent with our cytotoxicity data (Fig. 1B). Therefore,

increased cellular platinum accumulation is another mechanism

by which sodium arsenite and hyperthermia sensitize wild-type

p53-expressing cells to cisplatin.

Reduced platinum bound to DNA contributes to cisplatin-

resistance (Parker et al., 1991). A2780/CP70 cells accumulated

about twofold less platinum on their DNA compared with

A2780 and SKOV-3 cells. The observed decreased accumu-

lation could be a consequence of reduced cellular accumulation

of platinum in A2780/CP70 cells (Fig. 5A). A2780 (cisplatin-

sensitive) and p53-null SKOV-3 (cisplatin-resistant) cells

accumulated platinum on DNA to a similar extent, contrary

to previous findings by Johnson et al. (1997). The observed

discrepancy in platinum bound to DNA data could be due to

differences in drug exposure time and platinum determination

time. Johnson et al. (1997) treated cells for 4 h and assayed for

platinum at 0 (immediately after treatment) and 8 h after

treatment, whereas we did a 1-h exposure and determined

platinum levels at 0 and 24 h after treatment. Our data suggest

that cisplatin-resistance in SKOV-3 cells is not due to decreased

initial platinum bound to DNA. However, cisplatin-resistance in

wild-type p53 A2780/CP70 (cisplatin-resistant) cells is due to

decreased platinum bound to DNA, consistent with previous

findings (Parker et al., 1991). Hyperthermia alone or combined

with sodium arsenite significantly increased initial (0 h) platinum

bound to DNA in all three cell lines. However, adding sodium

arsenite to hyperthermia further increased platinum bound to

DNA only in A2780 and A2780/CP70 cells. Platinum retention

(24 h) on DNA of A2780 cells was favored by sodium arsenite,

hyperthermia, or the combined treatment. Retention was favored

by hyperthermia with or without sodium arsenite in A2780/CP70

and SKOV-3 cells (Fig. 6). Therefore, increased platinum bound

to DNA is a mechanism by which sodium arsenite and

hyperthermia sensitize wild-type p53 cells to cisplatin.

In summary, we have shown for the first time that combining

sodium arsenite and hyperthermia sensitizes wild-type p53-

expressing human ovarian cancer cells to cisplatin by attenuating

XPC induction in response to cisplatin and by enhancing cellular

and DNA bound platinum accumulation. The combination of

cisplatin, sodium arsenite, and hyperthermia is more effective

than cisplatin plus sodium arsenite or cisplatin plus hyperther-

mia. Further studies using in vivo cancer models are necessary to

determine whether this combination therapy may improve

clinical outcomes.
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