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Cisplatin is effective against solid tumors including ovarian
cancer. However, inherent or acquired cisplatin resistance lim-
its clinical success. We recently demonstrated that a combina-
tion of sodium arsenite (NaAsO2) and hyperthermia sensitizes
p53-expressing ovarian cancer cells to cisplatin by modulating
DNA repair pathway and enhancing platinum accumulation. How-
ever, it is not understood how this combination therapy modu-
lates cell cycle following platinum-DNA damage. The goal of the
present study was to determine if NaAsO2 and hyperthermia al-
ter cisplatin-induced G2 arrest and cause mitotic arrest and mi-
totic catastrophe. Human epithelial ovarian cancer cells (A2780
and A2780/CP70) were treated with cisplatin ± 20 �M NaAsO2

at 37 or 39◦C for 1 h. Cisplatin ± NaAsO2 at 37 or 39◦C caused
cells to accumulate in G2/M compartment at 36 h after treatment.
Western blot analysis of cyclin A and cyclin B suggested that com-
bined NaAsO2, hyperthermia, and cisplatin induced mitotic arrest.
However, we observed < 3% mitotic index and phosphorylation of
histone H3 on serine 10 was undetectable. These results did not
confirm mitotic arrest. BUBR1 (BUB1B) also was not phosphory-
lated, suggesting disrupted mitotic checkpoint. Postmitotic cells ac-
cumulated in pseudo-G1 as demonstrated by cyclin E stabilization,
CDKN1A induction, and hypophosphorylation of retinoblastoma
protein. These cells also were positive for Annexin V binding indi-
cating they were apoptotic. In summary, cisplatin plus NaAsO2 and
hyperthermia induced pseudo-G1 associated apoptosis in ovarian
cancer cells.
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NaAsO2 sodium arsenite
pRBS807/811P phosphorylation of retinoblastoma protein

on Ser807/811
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Research highlights:

• Cisplatin plus NaAsO2 and hyperthermia induces pseudo-G1
associated apoptosis.

• Cisplatin plus NaAsO2 and hyperthermia promotes en-
doreduplication and mitotic exit.

• Cisplatin plus NaAsO2 and hyperthermia causes cells to ac-
cumulate in G2/M compartment.

• Cisplatin, NaAsO2, and hyperthermia stabilize cyclin E and
induce CDKN1A.

• Cisplatin, NaAsO2, and hyperthermia suppress Rb phospho-
rylation.

Cisplatin and its analogues are widely used to treat ovar-
ian, testicular, head and neck, bladder, gastric, and lung can-
cer (Blackhall and Faivre-Finn, 2011; Norman et al., 2010; Pan
et al., 2009; Vasey et al., 1999; Winter and Albers, 2011). The
cytotoxicity of cisplatin is mediated through DNA damage. Cis-
platin primarily forms 1,2-intrastrand crosslinks between adja-
cent purines and to a lesser extent 1,3-intrastrand crosslinks,
monoadducts, and interstrand crosslinks (Basu and Krishna-
murthy, 2010). In response to DNA damage, cells arrest in G1
or G2 to allow time for damage repair before the onset of DNA
synthesis or entry into mitosis, respectively (Malumbres and
Barbacid, 2009; Rieder, 2011). In addition, the mitotic spindle
assembly checkpoint regulates mitotic progression in response
to chromosomal or spindle irregularities (Tan et al., 2005).
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The tumor suppressor protein p53 regulates cell cycle check-
points, DNA repair, and apoptosis after DNA damage (Abra-
ham, 2001; Horvath et al., 2007). P53 regulates cell cycle check-
points by inducing transcription of cyclin-dependent kinase in-
hibitor CDKN1A, GADD45, and 14–3–3 � (Basu and Krishna-
murthy, 2010; Taylor and Stark, 2001). CDKN1A causes G1
cell cycle arrest by binding and inactivating cyclin E/CDK2
complex, which is required for retinoblastoma protein phospho-
rylation in order to release E2F for G1 to S cell cycle progres-
sion. Cisplatin is known to cause G2 arrest (Brozovic et al.,
2009; He et al., 2011; Horvath et al., 2007). CDKN1A blocks
G2 to M transition by binding and inactivating cyclin B/CDK1
complex (Taylor and Stark, 2001).

Cisplatin is used clinically in combination with hyperthermia
to treat ovarian cancer (Helm et al., 2008; Helm, 2009), but
complete response is not achieved (Dovern et al., 2010). We
previously showed that combining sodium arsenite and hyper-
thermia with cisplatin sensitizes wild-type p53 expressing ovar-
ian cancer cells to cisplatin by attenuating xeroderma pigmen-
tosum group C protein (XPC) induction and increasing cellular
and DNA platinum accumulation (Muenyi et al., 2012). How-
ever, the mechanism by which sodium arsenite and hyperther-
mia affect cell cycle regulation following cisplatin-DNA dam-
age has not been investigated.

Sodium arsenite causes mitotic arrest and mitotic arrest as-
sociated apoptosis (mitotic catastrophe) (McNeely et al., 2006,
2008a; Taylor et al., 2008). P53 has been implicated in sodium
arsenite induced mitotic arrest. The presence of functional p53
promotes mitotic exit (McNeely et al., 2006; Taylor et al.,
2006), whereas cells with nonfunctional p53 are more suscep-
tible to sodium arsenite-induced mitotic arrest (Taylor et al.,
2006). In addition, a functional spindle checkpoint is required
for arsenite-induced mitotic arrest and apoptosis (McNeely
et al., 2008b; Wu et al., 2008). Similar to sodium arsenite,
hyperthermia has been reported to induce mitotic catastrophe
in cancer cells (Grzanka et al., 2008; Michalakis et al., 2005;
Nakahata et al., 2002). Furthermore, hyperthermia increases
mitotic catastrophe induced by arsenite (Taylor et al., 2008).
Therefore, we hypothesized that adding sodium arsenite and
hyperthermia to the cisplatin treatment would sensitize ovarian
cancer cells to cisplatin by enhancing mitotic arrest associated
apoptosis.

The purpose of the present studies is to determine if adding
sodium arsenite and hyperthermia to the cisplatin treatment al-
ters cisplatin-induced G2 cell cycle arrest and causes mitotic
arrest and mitotic arrest associated apoptosis (mitotic catastro-
phe) in ovarian cancer cells treated with cisplatin. We show
that cisplatin, sodium arsenite, and hyperthermia failed to ac-
tivate spindle assembly checkpoint protein BUBR1, promoted
endoreduplication, and caused cells to exit mitosis without un-
dergoing cytokinesis. Post mitotic cells accumulated in pseudo-
G1 with 2C DNA content and subsequently underwent apop-
totic cell death.

MATERIALS AND METHODS

Chemicals. RNase A, cisplatin, and sodium arsenite were
purchased from Sigma-Aldrich (St. Louis, MO). Propidium io-
dide was purchased from Invitrogen/Life Technologies (Grand
Island, NY). Stock solutions (cisplatin in PBS [1 mg/ml] and
sodium arsenite in water [10 mM]) were prepared freshly on
the day of treatment and filter sterilized (0.22 �m) prior to
use. Trisenox (arsenic trioxide dissolved in 1 M NaOH) and
sodium arsenite both generate the same reactive pharmacologi-
cal species (As[OH]3) in solution (Ramirez-Solis et al., 2004).
Sodium arsenite was used for our studies because it is readily
soluble in aqueous solution.

Cells and cell culture. Human ovarian cancer cells A2780
and A2780/CP70 were the kind gift of Dr. Eddie Reed.
A2780/CP70 cells are derived from A2780 cells by selection
in successively increasing concentrations of cisplatn (Behrens
et al., 1987). Thus, A2780/CP70 cells are cisplatin resistant and
are a model for acquired resistance. Cells were cultured in RPMI
media supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, 100 IU/ml penicillin, and 100 �g/ml streptomycin
at 37◦C in a humidified 5% CO2 incubator.

Flow cytometry analyses. Cells (1 × 106) were cultured in
10 cm dishes overnight and treated with half-maximal inhibitory
(IC50) cisplatin (A2780 = 4 �M and A2780/CP70 = 40 �M)
± 20 �M sodium arsenite at 37 or 39◦C for 1 h. Cells were
washed twice with PBS and refed with fresh media and incu-
bated at 37◦C. Whole cells were trypsinized and collected at 0
and 36 h, washed twice with PBS, and fixed in 70% ethanol
overnight at 4◦C. Cells in 500 �l PBS were incubated at 37◦C
with RNase A (100 U/ml) for 30 min. After adding propid-
ium iodide (5 �g/ml), cells were incubated at room tempera-
ture for 30 min protected from light. Propidium iodide fluores-
cence (DNA content) was determined by flow cytometry using
FACScalibur (BD Biosciences, San Jose, CA). A minimum of
10,000 cells/sample were analyzed. Data were collected and an-
alyzed using FLOWJO software (FLOWJO, Ashland, OR).

Western blot analyses. Cells (1 × 106) were cultured in 10
cm dishes overnight and treated with IC50 cisplatin (A2780 =
4 �M and A2780/CP70 = 40 �M) ± 20 �M sodium arsen-
ite at 37 or 39◦C for 1 h. Cells were washed twice with PBS
and refed with fresh media and incubated at 37◦C. Total cel-
lular lysates were prepared at 0 (immediately), 24, and 36 h
after treatment. Cells were lysed with lysis solution (10 mM
Tris-HCl pH 7.4, 1mM EDTA, 1% sodium dodecyl sulfate, 180
�g/ml phenylmethylsulphonylfluoride). After removal of de-
bris by centrifugation at 13,000 × g for 45 min at 4oC, total
protein concentration in supernatant was determined by Brad-
ford assay (Bio-Rad, Hercules, CA), using bovine serum al-
bumin as standard. Proteins were loaded (30–40 �g/lane) and
resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
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trophoresis and electro-transferred to nitrocellulose membranes.
Membranes were probed with mouse monoclonal antibodies for
ß-actin (Sigma, no. A 5441, 1:10,000 dilution), GAPDH (Am-
bion, no. AM4300, 1:10,000 dilution), cyclin A (Cell Signaling,
no. 4656, 1:1000 dilution), cyclin B (BD Biosciences PharMin-
gen, no. 55477, 1:1000 dilution), histone H3 phosphorylated
on Ser10 (histone H3S10P) (Cell Signaling, no. 9706S, 1:1000
dilution) and cyclin E (BD Biosciences PharMingen no. 51–
1459GR, 1:1000 dilution) or rabbit polyclonal antibodies for
CDKN1A (H-164, Santa Cruz, no. SC 756, 1:1000 dilution),
CDK1 (Upstate Cell Signaling Solutions, no. 06–141, 1:1000
dilution), and retinoblastoma protein phosphorylated on ser-
ines 807 and 811 (pRbSer807/811P) (cell signaling, no. 9308,
1:1000 dilution). Secondary antibodies (rabbit anti-mouse IgG,
no. 81–6720 or goat anti-rabbit, no. 81–6120) conjugated to
horseradish peroxidase (Zymed Laboratories, Inc. South San
Francisco, CA) were bound to primary antibodies and protein
bands detected using enhanced chemiluminescence (ECL) sub-
strate (Pierce, Rockford, IL). Bands for BUBR1, cyclin E, his-
tone H3Ser10P, and GAPDH were visualized using ECL plus
Western blotting detection system (GE Healthcare, RPN2132)
and bands were developed using Molecular Dynamics Storm
860 (GE Healthcare BioSciences) in blue fluorescence mode.
ß-actin and GAPDH served as the loading control.

Mitotic index determination. Cells (5 × 105/ 6 cm dish)
were treated with IC50 cisplatin ± 20 �M sodium arsenite at
37 or 39◦C for 1 h. The cell monolayers were washed twice
with PBS and incubated in drug-free media for 36 h. Cells were
washed twice with cold PBS, trypsinized using 1x trypsin and
collected by centrifugation at 500 × g for 5 min. Cells were re-
suspended in 150 �l serum free media and 2.5 ml of 0.4% KCl
was added. The cell suspension was incubated for 10 min at
37oC. Methanol:acetic acid (3:1 vol/vol) fixation solution was
added to 2% vol/vol and cells collected by centrifugation at 500
× g for 5 min. Cells were resuspended in 2.5 ml fixation solu-
tion and fixed at room temperature for 20 min. Samples were
centrifuged at 500 × g for 5 min and pellets resuspended in
0.5 ml fixation solution and chilled on ice for a minimum of
20 min. Aliquots of the suspensions were dropped onto micro-
scope slides, air dried for about 1 min, and stained with Wright
Giemsa solution (States et al., 2002). Slides were examined un-
der a microscope and a minimum of 200 nuclei were counted on
each slide for determination of mitotic index and mitotic catas-
trophe index. Chromosomal spreads with sharp features were
scored as mitotic nuclei (Taylor et al., 2006).

Annexin V-FITC apoptosis assay. Cells (5 × 105/ 6 cm
dish) were treated with IC50 cisplatin ± 20 �M sodium ar-
senite at 37 or 39◦C for 1 h. The cell monolayers were washed
twice with PBS and incubated in drug-free media for 36 h. Cells
were trypsinized using 1× trypsin and collected by centrifuga-
tion at 500 × g for 5 min. Cells were resuspended in 500 �l
of 1X binding buffer and 5 �l of Annexin V-FITC and 5 �l

of propidium iodide (50 �g/ml) were added. Samples were in-
cubated at room temperature in the dark for 5 min. FITC An-
nexin V/propidium iodide binding was analyzed by flow cy-
tometry (excitation = 488 nm; emission = 530 nm) using FAC-
Scalibur (BD Biosciences, San Jose, CA). Minimum of 10,000
cells/sample were analyzed. Annexin V assay was performed
following manufacturers’ instructions (Cat no.: K101–25, Bio-
Vision Research Products, Mountain View, CA).

Statistical analysis. Results were expressed as the mean ±
SD of replicate experiments as indicated in figure legends. Sta-
tistical analyses were performed using one-way analysis of vari-
ance (ANOVA) and Student’s t-test or Tukey’s test with a sig-
nificance level as p < 0.05, n = 3.

RESULTS

Flow Cytometry Determination of Cell Cycle Arrest

Cisplatin is a DNA damaging agent. Cellular response to
DNA damage involves cell cycle arrest to allow time to repair
damaged DNA (Basu and Krishnamurthy, 2010). Cisplatin is
known to cause G2 arrest (Cepeda et al., 2007). The goal of
this experiment was to determine if sodium arsenite and hy-
perthermia cotreatment altered the accumulation of cells in the
G2 compartment of the cell cycle following cisplatin treatment.
Flow cytometry data indicate that both A2780 and A2780/CP70
cells accumulated in the G2/M compartment at 36 h after cis-
platin treatment (Fig. 1). A2780/CP70 cells accumulated in the
G2/M compartment to a greater extent than A2780 cells. Ac-
cumulation of cells in the G2/M compartment was not altered
by sodium arsenite and/or hyperthermia cotreatment with cis-
platin.

Sodium Arsenite and Hyperthermia Cause Mitotic Arrest in
Cisplatin Treated Ovarian Cancer Cells

Flow cytometry determination of DNA content using propid-
ium iodide does not distinguish between G2 and M cells because
these cells both have double the normal (2C) DNA content. In
order to determine if cells are in the G2 or M phase of the cell cy-
cle at 36 h after treatment, the expression of cyclins A and B and
cyclin-dependent kinase CDK1 were determined. Furthermore,
we determined if sodium arsenite and hyperthermia cotreatment
altered the expression of cyclins A and B and CDK1 in response
to cisplatin treatment. G2 to M progression requires degradation
of cyclin A and accumulation of cyclin B (Malumbres and Bar-
bacid, 2009). Data in Figure 2 indicate that cisplatin treatment
at 37◦C stabilized CDK1, cyclin A and cyclin B (Fig. 2, panel
a), suggesting G2 arrest. Adding hyperthermia to cisplatin de-
creased the levels of both cyclin A and cyclin B in A2780 cells
suggesting G1 arrest. In contrast, cyclins A and B were stabi-
lized suggesting G2 arrest in A2780/CP70 cells (Fig. 2, panel
b). Cotreatment with cisplatin and sodium arsenite decreased
both cyclin A and cyclin B in A2780 cells suggesting G1 ar-
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FIG. 1. Cell cycle analyses by flow cytometry. Plot of percentage of cells in each phase of the cell cycle. A2780 and A2780/CP70 cells were treated with
their IC50 cisplatin (CP) (A2780, 4 �M; CP70, 40 �M) or CP plus 20 �M sodium arsenite at 37 or 39◦C for 1 h. Cells were harvested at 0 and 36 h after treatment.
DNA content was analyzed by flow cytometry after propidium iodide staining. Data are the means ± SD of samples from two independent experiments. Each
experiment was performed in duplicate dishes. Statistical analysis was performed using one-way ANOVA and Student’s t-test. p < 0.05, * = compared with G2/M
partners.

rest. In contrast, cyclin A was undetectable and cyclin B was
stabilized, suggesting mitotic arrest in A2780/CP70 cells (Fig.
2, panel c). Combined cisplatin, sodium arsenite, and hyperther-
mia stabilized cyclin B and CDK1 but attenuated the expression
of cyclin A in both cell lines at 36 h after treatment (Fig. 2, panel
d), suggesting mitotic arrest. These data suggest that sodium ar-
senite ± hyperthermia induced mitotic arrest in cisplatin treated
cells.

Sodium Arsenite and Hyperthermia Do Not Enhance Mitotic
Index in Cisplatin Treated Cells and Also Fail to Induce
Histone H3Ser10 Phosphorylation

Data in Figure 2 suggest that sodium arsenite plus hyperther-
mia is causing cisplatin treated cells to arrest in mitosis. In order
to confirm if indeed these cells are in mitosis, we determined mi-
totic index as described in the Materials and Methods section.
Adding sodium arsenite and/or hyperthermia to cisplatin did

not increase the mitotic index in either A2780 or A2780/CP70
cells (Figs. 3A and B). The observed less than 3% mitotic in-
dex suggests that sodium arsenite ± hyperthermia do not in-
duce mitotic arrest in cisplatin treated cells. In addition, histone
H3 phosphorylation on serine 10 (H3Ser10P), a mitotic marker,
was undetected in both A2780 and A2780/CP70 cells treated
with cisplatin ± sodium arsenite at 37 or 39◦C (Fig. 3C). These
data confirmed that a large fraction of cells are not undergoing
mitotic arrest.

Cisplatin, Sodium Arsenite, and Hyperthermia Prevent BUBR1
Phosphorylation

A functional spindle assembly checkpoint is required for mi-
totic arrest (Tan et al., 2005; Wu et al., 2008; Zhou et al.,
2002). The mitotic spindle checkpoint complex consists of
MAD3/BUBR1, BUB3, and MAD2 (Tan et al., 2005). The
mitotic spindle checkpoint induces mitotic arrest by inhibit-
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FIG. 2. Western blot analyses of G2/M cell cycle regulatory proteins. Representative Western blots of cyclin A and B and CDK1. Cells were treated with
their respective IC50 cisplatin (CP) (A2780, 4�M; CP70, 40�M) or CP plus 20�M sodium arsenite (CPA) at 37 or 39◦C (hyperthermia) for 1 h, then washed with
PBS and refed with fresh media and incubated at 37◦C. Cell lysates were prepared at 0, 24, and 36 h. ß-actin is the loading control. Blots shown are representative
of three independent experiments.

ing anaphase onset by associating with CDC20, a subunit of
the anaphase promoting complex (APC). Therefore, we deter-
mined if A2780 and A2780/CP70 cells have functional spin-
dle checkpoint by determining the phosphorylation of BUBR1
following 100 nM taxol treatment for 16 h. We observed that
taxol treatment induced BUBR1 phosphorylation in A2780 and
A2780/CP70 cells (Fig. 4), suggesting that these cells have a
functional spindle assembly checkpoint. However, cisplatin or
its cotreatment with sodium arsenite and hyperthermia failed to
induce BUBR1 phosphorylation (Fig. 4); suggesting that mitotic
spindle checkpoint is either disrupted or not activated.

Cisplatin, Sodium Arsenite, and Hyperthermia Induced
Pseudo-G1 Arrest in Ovarian Cancer Cells

Data in Figure 4 suggest that the mitotic spindle assembly
checkpoint is not activated in A2780 or A2780/CP70 cells by
any of the treatments. Absence of mitotic spindle checkpoint
activation allows cells with damaged DNA to exit mitosis and
progress through the cell cycle to G1. If cells exit mitosis with-
out undergoing cytokinesis, they end up with 2C DNA content
similar to G2/M cells (Lanni and Jacks, 1998), a phenomenon
known as endoreduplication. Therefore, we determined if the
cells accumulating in the G2/M compartment were pseudo-G1
cells by determining the expression of cyclin-dependent kinase
inhibitor (CDKN1A), retinoblastoma protein phosphorylation

on Ser807/811 (pRbSer807/811P), and cyclin E. Data in Figure
5 suggest that cisplatin stabilized CDKN1A over time and de-
creased pRbSer807/811P at 36 h after treatment (Fig. 5A panel
a), suggesting G1 arrest. Adding sodium arsenite ± hyperther-
mia (Fig. 5A, panels c, b, and d, respectively) caused stronger
CDKN1A induction and decreased levels of pRbSer807/811P
compared with cisplatin alone at 37◦C (Fig. 5, panels b, c, and
d). These data confirmed that G1 arrest is taking place at 36 h
after treatment. We also observed that cyclin E was stabilized
in both A2780 and A2780/CP70 cells when compared with mi-
totic positive taxol treated A2780 and A2780/CP70 cells that
did not express cyclin E (Fig. 5B). These data suggest that cis-
platin ± sodium arsenite at 37 or 39oC induces pseudo-G1 arrest
in A2780 and A2780/CP70 cells.

Cisplatin, Sodium Arsenite, and Hyperthermia Induce
Apoptotic Cell Death in Pseudo-G1 Arrested Cells

We performed FITC Annexin V propidium iodide assay to
determine if pseudo-G1 cells were undergoing apoptosis. Data
in Figure 6 suggest that cisplatin alone or combined with sodium
arsenite and/or hyperthermia significantly induced apoptotic
cell death (∼15%) at 36 h after treatment.
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FIG. 3. Mitotic index determination and Western blot analysis of protein
marker of mitosis. (A) Representative picture of (a) mitotic spread and (b) inter-
phase nuclei. (B) Plot of means of percent mitotic cells for duplicate slides. Cells
were treated with their respective IC50 cisplatin (CP) (A2780, 4 �M; CP70, 40
�M) or CP plus 20 �M sodium arsenite (CPA) at 37 or 39◦C (hyperthermia)
for 1 h. Treated cells were washed with PBS and refed fresh media and incu-
bated at 37◦C for 36 h. Mitotic index was determined at 36 h after treatment.
Data are single biological experiments performed in duplicate dishes. C. West-
ern blot analysis of histone H3Ser10P. Protein lysates were prepared 36 h after
treatment for Western blot analysis of histone H3Ser10P. Data are representa-
tive from duplicate biological experiments. A375 human melanoma cells were
treated with 5�M sodium arsenite for 24 h served as positive control for mitotic
cells (McNeely et al.,2008b). ß-actin served as loading control.

DISCUSSION

Our previous studies demonstrated that combining sodium ar-
senite and hyperthermia with cisplatin sensitized ovarian can-
cer cells to the cisplatin treatment (Muenyi et al., 2012). The
current study was aimed at determining how the cell cycle reg-
ulatory machinery responded to the combined treatment. We
used well-characterized and widely used human ovarian can-
cer cell models for cisplatin-sensitive (A2780) and cisplatin-
resistant subline (A2780/CP70) for this study. We showed
that sodium arsenite and hyperthermia addition does not alter
cisplatin-induced accumulation of cells in the G2/M compart-
ment as determined by flow cytometry analysis of DNA content.
However, examination of cell cycle regulatory protein expres-
sion indicated that these cells were not arrested in G2. Further
investigation revealed that these cells with 2C DNA content also
were not arrested in M phase and expressed proteins normally
expressed in G1 arrested cells. Thus, a failure to activate the mi-
totic spindle assembly checkpoint in cells treated with cisplatin
combined with sodium arsenite and/or hyperthermia allowed
cells to exit mitosis and enter pseudo-G1 with 2C DNA content.
These cells then underwent apoptotic cell death.

Standard chemotherapy for ovarian cancer includes treatment
with both a taxane (e.g., paclitaxel) and platinum drugs (e.g.,
cisplatin or carboplatin). Cisplatin has long been known to in-

duce G2 cell cycle arrest (Gibb et al., 1997). Arsenic induces
mitotic arrest in a variety of tumor cell types (McNeely et al.,
2008a,b; Taylor et al., 2008). Paradoxically, arsenic can sup-
press paclitaxel-induced mitotic arrest by causing arrest at other
cell cycle checkpoints (Duan et al., 2009). Indeed, arsenic can
cause delay at multiple points in the cell cycle (McCollum et al.,
2005). Thus, it was of interest to investigate the impact of ar-
senic cotreatment with cisplatin to determine the effect on cell
cycle checkpoints. Simple cell cycle analysis by DNA content
(Fig. 1) indicated that all treatments caused an increase in the
fraction of cells with 2C DNA content, normally interpreted
as being in G2 or M phase. Therefore, we used Western blot
analysis to determine the expression of G2/M regulatory pro-
teins cyclin A and cyclin B. Cyclin A is usually degraded be-
fore cells enter mitosis, whereas cyclin B is stabilized during
mitosis (Malumbres and Barbacid, 2009). Stabilization of cy-
clin A and cyclin B by cisplatin (CP 37◦C) in both A2780 and
A2780/CP70 cells suggests G2 arrest (Fig. 2, panel a), consis-
tent with previous reports (Cepeda et al., 2007). However, the
analysis revealed that cells cotreated with arsenite and/or hy-
perthermia clearly were not arrested in G2. Decreased expres-
sion of cyclin A and cyclin B by hyperthermia (CP 39◦C) or
arsenite cotreatment (CPA 37◦C) with cisplatin in A2780 cells
is consistent with G1 arrest (Fig. 2, panels b and c). However,
arsenite cotreatment with cisplatin (CPA 37◦C) decreased ex-
pression of cyclin A and stabilized cyclin B in A2780/CP70
cells (Fig. 2, panel c), consistent with mitotic arrest. Likewise,
cotreatment with arsenite and hyperthermia (CPA 39◦C) atten-
uated the expression of cyclin A and stabilized cyclin B in both
cell lines (Fig. 2, panel d), consistent with mitotic arrest. How-
ever, despite the cyclin expression data suggesting mitotic ar-
rest, mitotic arrest was not supported by mitotic index or histone
H3Ser10P data (Figs. 3B and C). The lack of increased mitotic
index in cisplatin treated cells and detectable histone H3 phos-
phorylation (H3Ser10P) clearly indicated that these cotreated
cells are not arresting in mitosis.

Mitosis is the phase of the cell cycle where cells divide to
produce two genetically identical cells from one cell. In order
to ensure proper division, the mitotic spindle assembly check-
point must ensure that all chromosomes are attached to the kine-
tochores by microtubules and that proper tension is exerted on
the kinetochores before mitotic exit (Zhou et al., 2002). Mitotic
arrest is a consequence of activation of the spindle assembly
checkpoint. Cells with defective spindle assembly checkpoint
will proceed through the cell cycle with aberrant chromosomes.
The mitotic spindle assembly checkpoint complex consists of
MAD3/BUBR1, BUB3, and MAD2 (Tan et al., 2005). The mi-
totic spindle assembly checkpoint inhibits anaphase onset by
associating with CDC20, a subunit of the anaphase promoting
complex., which is an E3-ubiqitin ligase that mediates degrada-
tion of securin and cyclin B. Degradation of securin and cyclin
B is required for anaphase onset and subsequent mitotic exit.
Treatment of A2780 and A2780/CP70 cells with a mitotic ar-
rest inducing drug paclitaxel caused phosphorylation of BUBR1
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FIG. 4. Western blot analysis of mitotic spindle assembly checkpoint protein. Western blot analysis of BUBR1 and phosphorylated BUBR1 in control
lysates treated with 100nM paclitaxel 16 h. Cells were treated with their respective IC50 cisplatin (CP) (A2780, 4 �M; A2780/CP70, 40 �M) or CP plus 20 �M
sodium arsenite (CPA) at 37 or 39◦C (hyperthermia) for 1 h. Treated cells were washed with PBS and refed fresh media and incubated at 37◦C. Protein lysates
were prepared at 36 h after treatment for Western blot analysis. Cell treated with 100nM paclitaxel (Pax) as positive control. Data are representative of triplicate
biological experiments. GAPDH served as loading control.

FIG. 5. Western blot analysis of protein markers of G1 arrest. A. Western
blot analysis of CDKN1A and pRB Ser807/811P. Panel (a) is CP 37◦C, (b) is
CP 39◦C, (c) is CPA 37◦C, and (d) is CPA 39◦C. B. Western blot analysis of
cyclin E. Cells were treated with their respective IC50 cisplatin (CP; A2780, 4
�M; CP70, 40 �M) or CP plus 20 �M sodium arsenite (CPA) at 37 or 39◦C
(hyperthermia) for 1 h. Cells were washed with PBS and refed with fresh media
and incubated at 37◦C. Cell lysates were prepared at 0, 6, 12, 24, and 36 h.
ß-actin and GAPDH are loading controls. A2780 and A2780/CP70 cells were
treated with 100nM paclitaxel (Pax) for 16 h and served as negative control for
cyclin E. Data are representative of triplicate biological experiments.

in these cells (Fig. 4). Phosphorylation of BUBR1 indicates that
these cells have functional spindle assembly checkpoint. How-
ever, cisplatin ± sodium arsenite treatment at 37 or 39◦C failed
to activate BUBR1 phosphorylation in ovarian cancer cells (Fig.
4). Disruption of mitotic spindle assembly checkpoint activation
may allow cells to exit mitosis without undergoing cytokinesis
(Lanni and Jacks, 1998). The resulting cells will enter pseudo-
G1 with 2C DNA content.

In response to DNA damage, p53 is stabilized and activated
and it transcriptionally activates CDKN1A expression. Induced
CDKN1A binds to and inhibits CDK2/cyclin E complex, pre-

FIG. 6. Apoptotic cell death determination using FITC Annexin V propid-
ium iodide assay. Cells were treated with their respective IC50 cisplatin (CP)
(A2780, 4 �M; CP70, 40 �M), or CP plus 20 �M sodium arsenite (CPA) at
37 or 39◦C (hyperthermia) for 1 h. Treated cells were washed with PBS and
refed fresh media and incubated at 37◦C for 36 h. Cell death was determined at
36 h after treatment. Data are means ± SD of triplicate biological experiments.
Statistical analysis was performed using one-way ANOVA and Tukey test. p
< 0.05, a = compared with untreated (UT) A2780 cells, b = compared with
untreated A2780/CP70 cells.

venting the phosphorylation of retinoblastoma protein (pRb),
thus blocking cells in G1. We observed strong induction of
CDKN1A and suppression of pRbSer807/811P (Fig. 5A) at 36
h after treatment suggesting that G1 arrest is taking place. Ac-
cumulation of cells in G1 was supported by the stabilization
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of cyclin E (Fig. 5B). The data suggest that the cells accumu-
lating in the G2/M compartment underwent endoreduplication
and exited mitosis without undergoing cytokinesis and subse-
quently accumulated in pseudo-G1 with 2C DNA content. The
phenomenon of cells with disrupted spindle assembly check-
point undergoing endoreduplication and exiting mitosis without
cytokinesis was reported by Lanni and Jacks (1998). These au-
thors showed that when mouse embryo fibroblasts were treated
with the spindle inhibitor nocodazole, the cells accumulated
transiently in mitosis and progressed into G1 with 4N DNA
content. These cells were classified as pseudo-G1 cells because
they showed increased cyclin E and hypophosphorylated pRb,
but had 4N DNA content similar to G2/M cells. Cells with dis-
rupted spindle checkpoint are expected to be resistant to sodium
arsenite induced mitotic arrest and apoptosis (Lanni and Jacks,
1998; Taylor and Stark, 2001). However, these pseudo-G1 cells
underwent apoptotic cell death in response to cisplatin or its
cotreatment with sodium arsenite and/or hyperthermia (Fig. 6).

CONCLUSIONS

We have demonstrated that cisplatin plus sodium arsenite at
37 or 39◦C disrupts mitotic spindle assembly checkpoint acti-
vation and causes cells to exit mitosis without cytokinesis and
subsequently accumulate in pseudo-G1. These pseudo-G1 cells
with 2C DNA content stabilized cyclin E and induced CDKN1A
and decreased pRbSer807/811P. In addition, these pseudo-G1
cells underwent apoptotic cell death. Thus, the mechanism by
which cotreatment with arsenite and hyperthermia enhances cis-
platin induced cell death is by disrupting the cell cycle reg-
ulatory machinery such that the G2 checkpoint and the spin-
dle assembly checkpoint are bypassed and the cells accumulate
in pseudo-G1 where they undergo apoptotic cell death. These
findings suggest potential new mechanisms by which cisplatin
in combination with sodium arsenite and hyperthermia induces
cell death in wild-type p53 expressing ovarian cancer cells.
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