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Chronic Oxidative Stress Increases Growth and
Tumorigenic Potential of MCF-7 Breast Cancer Cells
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Abstract

Accumulating evidence suggests that exposures to elevated levels of either endogenous estrogen or environmental
estrogenic chemicals are associated with breast cancer development and progression. These natural or synthetic estrogens
are known to produce reactive oxygen species (ROS) and increased ROS has been implicated in both cellular apoptosis and
carcinogenesis. Though there are several studies on direct involvement of ROS in cellular apoptosis using short-term
exposure model, there is no experimental evidence to directly implicate chronic exposure to ROS in increased growth and
tumorigenicity of breast cancer cells. Therefore, the objective of this study was to evaluate the effects of chronic oxidative
stress on growth, survival and tumorigenic potential of MCF-7 breast cancer cells. MCF-7 cells were exposed to exogenous
hydrogen peroxide (H,0,) as a source of ROS at doses of 25 uM and 250 uM for acute (24 hours) and chronic period (3
months) and their effects on cell growth/survival and tumorigenic potential were evaluated. The results of cell count, MTT
and cell cycle analysis showed that while acute exposure inhibits the growth of MCF-7 cells in a dose-dependent manner,
the chronic exposure to H,0,-induced ROS leads to increased cell growth and survival of MCF-7 cells. This was further
confirmed by gene expression analysis of cell cycle and cell survival related genes. Significant increase in number of soft
agar colonies, up-regulation of pro-metastatic genes VEGF, WNTT and CD44, whereas down-regulation of anti-metastatic
gene E-Cadherin in H,0, treated MCF-7 cells observed in this study further suggests that persistent exposure to oxidative
stress increases tumorigenic and metastatic potential of MCF-7 cells. Since many chemotherapeutic drugs are known to
induce their cytotoxicity by increasing ROS levels, the results of this study are also highly significant in understanding the
mechanism for adaptation to ROS-induced toxicity leading to acquired chemotherapeutic resistance in breast cancer cells.
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Introduction

Breast cancer is the most commonly diagnosed cancer in
women worldwide and also the leading cause of mortality in US
women [1-3]. Tremendous progress have been made over the last
decades in understanding the biology of breast cancer, however
the mechanism for growth and progression of breast cancer with
acquisition of invasive and metastatic phenotypes and therapeutic
resistance are still not fully understood.

Evidence suggests that multiple intrinsic and extrinsic risk
factors and their interactions are involved in breast cancer
development and progression [4,5]. Intrinsic factors including all
known genetic susceptibility variants account for 20-25% breast
cancer incidence [6]. Long-term exposure to extrinsic or
environmental factors has been attributed for more than 70% of
sporadic breast cancers [7].

The accumulating evidence suggest a potential link between
environmental chemicals and breast cancer risk [1]. Majority of
environmental chemicals mimics estrogenic activity and therefore
classified as xenoestrogens. Some of the well-established xenoes-
trogens such as Diethylstilbesterol [8], Polychlorinated biphenyls
[1,9], Bisphenol [8], Organochlorine pesticides [9], have been
linked with breast cancer. Because of the lipophilic nature, these
xenoestrogens tends to bio-accumulate and persist in the body for
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longer time and therefore increases the potential risk for breast
cancer development [10].

While the role of both elevated levels of endogenous estrogen
and exposure to xenoestrogens in breast cancer development is
well known, the mechanism of their carcinogenic effect is poorly
understood. Various mechanisms have been proposed for estro-
gen-induced growth and development of breast cancer. For
example estrogen has been shown to increase cell proliferation
of both normal breast epithelial cells and breast cancer cells [11—
14]. Estrogen has been shown to activate mitogenic signaling
[11,15], activation of oncogenes [16—18], inactivation of tumor
suppressor genes [15,16,19], chromosomal aberrations (both
structural and numerical) [15], and alterations in epigenetic
markers [14]. Both estrogen receptor-dependent and independent
pathways have been proposed for these biological responses of
estrogens [15]. Receptor-dependent carcinogenic action of estro-
gen involves estrogen receptor-mediated aberrant regulation of
estrogen responsive genes leading to aberrant expression of cell
proliferation and DNA repair genes, that consequently leads to
increased cell proliferation and accumulation of DNA damage
ultimately causing cell transformation [20]. Receptor-independent
pathway involves cytochrome P450 mediated oxidative metabo-
lism of estrogens resulting in generation of genotoxic metabolites
and reactive oxygen species [15,21]. These metabolites by
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themselves after forming DNA adducts or ROS generated during
estrogen metabolism as a signalling molecules also leads to
increased cell proliferation and DNA damage and consequently
cell transformation [22,23]. Increased lipid peroxidation and up-
regulation of antioxidant enzymes prior to mammary tumor
development in ACI rat model of estrogen-induced mammary
cancer also support potential role of oxidative stress in breast
cancer [24]. Detection of significantly higher levels of environ-
mental estrogenic chemicals and 8-hydroxy, 2-deoxy guanosine, a
classical indicator for oxidative DNA damage in human breast
cancer samples when compared to normal cells from same patient
further strengthens the potential role of xenoestrogens-induced
ROS and ROS-induced DNA damage in breast cancer develop-
ment and/or progression [25,26]

In addition to estrogen and xenoestrogens- mediated ROS
increase, endogenous factors like mitochondrial dysfunction in
cancer cells [27], inadequate blood supply due to lack of proper
vascular network [28] and therapeutic intervention [29] may also
increase ROS levels leading to oxidative stress in breast cancer
cells. Phagocytic cells including macrophages and poly morpho
nuclear leucocytes (PMNs) are known to generate ROS for their
phagocytic activity and significant increase in their numbers has
been reported in breast tumors compared to normal breast tissue
[30]. Hence, estrogens and estrogen-like chemicals-mediated
activation of phagocytic cells also acts as an additional source of
increased ROS exposure for breast cancer cells [18]. Use of cancer
chemotherapeutic drugs may also increase oxidative stress burden
for breast cancer cells [31]. Recent reports suggest involvement of
ROS in both intrinsic and/or acquired resistance to chemother-
apeutic agents in breast cancer cells [32].

These reports suggest that oxidative stress due to increased
ROS by estrogens or estrogenic chemicals and other endogenous
or exogenous factors may play a role in breast cancer develop-
ment, progression and resistance to some chemotherapeutic drugs.
Since both endogenous and exogenous factors may act by multiple
mechanisms, there is very little evidence on the direct involvement
of ROS in breast cancer growth and progression. Most of the
previous studies used short-term models to study the response of
breast cancer cells to oxidative stress [29,33,34]. However, the
effects of long-term/persistent exposure to oxidative stress due to
increased ROS on breast cancer growth, tumorigenicity and
metastatic potential is not known.

Therefore the objective of this study was to evaluate the effect of
exogenous hydrogen peroxide (HyOg)-induced acute and chronic
oxidative stress on the growth, survival and tumorigenicity of
MCF-7 breast cancer cells.

Materials and Methods

Chemicals

Hydrogen peroxide, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), and 2’,7'dichlorodihydrofluorescein
diacetate (DCFH-DA) were purchased from Sigma (St. Louis,
MO). Dulbecco’s modified Eagle’s medium (DMEM), trypsin/
EDTA, Fetal Bovine Serum (FBS), antibiotic/antimycotic solu-
tion, and Trizol reagent were purchased from Invitrogen Inc.
(Carlsbad, CA). PCR reagents were purchased from BioRad, Inc.
and cell cycle reagent was obtained from Millipore (Hayward,
CA).

Cell culture and treatments

MCF-7 cells were purchased from ATCC and were maintained
in phenol red free DMEM/F-12 medium supplemented with 10%
FBS and 1% antibiotic and antimycotic solution. Cultures were
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grown and maintained at 37°C in a humidified atmosphere
containing 5% CO,. Actively growing MCF-7 cells were seeded in
25 cm? flasks. Cells grown up to 40-60% confluence were treated
with 25 pM and 250 pM concentrations of HyOy in fresh culture
media. HyOy concentration of 25 pM as low dose and 250 uM as
high dose were selected from a range of doses tested to include
non-cytotoxic and significantly cytotoxic doses respectively.

For acute exposure, MCF-7 cells were exposed to HyOy for
24 hours and then used for analysis. For chronic exposure, HyOq
treated MCF-7 cells were sub-cultured after every 6 days when the
cells grown to 70-80% confluence and the process was repeated
for 3 months. Both acute and chronic treatment cultures were
maintained and treated in triplicate. Parallel cultures were grown
and maintained as a passage matched controls.

Measurement of reactive oxygen species

ROS production was measured using 2’,7'—dichlorofluorescein
diacetate (DCFH-DA) method. DCFH-DA is a stable, fluorogenic
and non-polar compound which can readily diffuse into the cells
and get deacetylated by intracellular esterases to a non-fluorescent
2',7'-dichlorodihydrofluorescein (DCFH) which is later oxidized
by intracellular ROS into highly fluorescent 2',7’-dichlorofluor-
escein (DCF). The intensity of fluorescence is proportional to
intracellular ROS levels. MCF-7 cells were seeded at a density of
10* cells per well in 96 well plates and were allowed to attach
overnight. Next day cells were washed with 1X PBS and incubated
with DCFH-DA in a final concentration of 10 uM for 30 minutes.
Cells were rinsed with PBS and then treated with HyOs solution in
1% FBS supplemented PBS for 30 minutes. DCF fluorescence
intensity was measured using Biotek Synergy-4 microplate reader
at excitation wavelength of 485 nm and emission wavelength of
535 nm

Cell count and cell viability assay

Cell count analysis and cell viability by MTT assay were
performed to assess the effect of HyOy exposure on cell
proliferation and growth. For acute exposure study, MCF-7 cells
at a density of 200,000 cells per well were seeded in 6 well plate in
triplicate and allowed to attach and grow for 2 days to reach 60-
70% confluency. Treatment group of cells were treated with HyO,
at concentration of 25 uM and 250 uM. After 24 hours of
treatment, cells were trypsinised and suspended in cell culture
media and cell count was performed using Cellometer Auto T4
cell counter (Nexcelom Biosciences). For chronic exposure study,
MCF-7 cells treated with HyO, for 3 months were used for seeding
m 6 well plates and then similar cell counting process was
repeated. Both acute and chronic experiment was repeated twice.

Cell viability assay was performed using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye reduction
method to determine cytotoxicity of HyOy. MCF-7 cells (2000
cells) were seeded in 96 well flat bottom culture plates and allowed
to attach and grow for 24 hours at 37°C with 5% CO, in a cell
culture incubator. Cells were treated with HoOy at concentrations
of 25 uM and 250 uM. After 24 hours of treatment, 20 pL of
MTT solution (10 mg/mL) was added to each well and plate was
incubated for 3 hours at 37°C with 5% COy level. To dissolve
mnsoluble formazan crystals formed in mitochondria, media was
removed completely, and 150 pL. of DMSO was added to each
well and then plate was incubated with gentle shaking for 5
minutes. The resulting color intensity was measured at 570 and
630 nm absorbance using Biotek Synergy-4 microplate reader.
Each treatment was performed in triplicates and experiment was
repeated at least twice.
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Cell cycle analysis by flow cytometry

To determine the effect of acute exposure to HyO9 on the cell
cycle by flow cytometry, 500,000 MCF-7 cells were seeded in
25 cm® culture flasks and treated with 25 uM and 250 uM
concentrations of HyOy for 24 hours. Similarly equal number of
cells chronically exposed to HyOy and their passage matched
untreated control were seeded in 25 cm® flask. Semi-confluent
actively growing cells with acute and chronic exposure to HyOq
were collected and fixed in 70% ethanol for at least 24 hours at
4°C. Just before flow cytometry analysis, fixed cells were collected
by centrifugation, washed with ice cold 1X PBS followed by
staining with Guava cell cycle reagent (Millipore) and analysed in
Guava Easy-Cyte HT Flow Cytometer (Millipore). Cell cycle
analysis was carried out by counting 5000 events and acquired
data was analysed using Guava Incyte software (Millipore). All
samples were analysed in triplicates and experiment was repeated
twice.

RNA extraction and quantitative real-time PCR (q RT-PCR)

Actively growing cells of treatment and control groups were
used to isolate total RNA by Trizol method and quantified by
Nanodrop 1000 spectrophotometer (Thermo Scientific). Single
step qRT-PCR amplifications were performed in an iCycler 1Q)
(Bio-Rad) real time PCR machine using one-step RT-PCR kit
with SYBR green and 200 ng total RNA following the manufac-
turer’s protocol (Bio-Rad). Real-time PCR machine was pro-
grammed for reverse transcription at 50°C for 15 min, denatur-
ation and RT enzyme inactivation at 95°C for 5 min, followed by
40 cycles each containing 10 seconds for denaturation at 95°C and
30 seconds for annealing and extension at 60°C. Specificity of the
PCR products was confirmed by melt curve analysis. Data were
normalized to GAPDH Ct values from the same sample and the
fold-changes in gene expression were calculated by using the delta-
delta Ct method [35]. A non-template control was included in
each experiment. Primer sequences used for analysis of gene
expression changes have been listed in Table 1.

Soft agar assay for colony formation

Colony formation assay on soft agar was performed to
determine the effect of chronic exposure to H,Oy on anchorage
independent growth of MCF-7 cells. To prepare the base layer,
1.5 ml of 0.5% agar in DMEM media was added to 6 well plates
and allowed to polymerize. Top layer was prepared by making
0.35% agar in cell culture media, and was cooled to about 40°C
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and then 5000 cells were mixed in 1.5 mL of top layer agar and
plated over the base layer. Plates were allowed to solidify and then
incubated at 37°C. Colony formation and growth on soft agar was
monitored daily by microscopic observation. Colonies were
counted and images were taken at day 14 when colonies of cells
reached in size to the level that they were clearly visible under
microscope. The numbers of colonies in treatment groups were
converted to percentage of control (by considering control as

100%).

Statistical analysis

To determine whether the differences observed were statistically
significant, a t-test (two-tailed, paired samples for means, and
hypothesized difference of 0) was performed on the data. An
ANOVA was performed to determine if the source of variation in
the data was between or within treatment groups. Alpha (o) was set
at 0.05 for all statistical tests and data with p<<0.05 were
considered as significantly different.

Results

Confirmation of H,0,- induced intracellular ROS

To evaluate and confirm exogenous HyOy induced intracellular
ROS, MCF-7 cells were seeded in 96 well plates and pre-
incubated with redox sensitive and fluorogenic dye (DCFH-DA).
HyO, treatment resulted in significant and dose-dependent
increase in DCF fluorescence (Figure 1).

Effect of H,O, on cell growth

The effect of acute and chronic exposure to HyOy on the
growth of MCF-7 cells was analysed by cell count and MT'T assay
and results are presented in Figure 2A and 2B. The cell count data
revealed that, the lower dose of HyO, resulted in a small
statistically insignificant decrease in growth of cells with acute
exposure to HoOy for 24 hours. The same dose of HyO, after
chronic exposure for 3 months resulted in 60.11% increase in cell
growth (Figure 2A). The exposure to higher dose of HyOy
(250 pM) resulted in statistically significant (p<<0.05) decrease in
growth of cells by 60.86% after acute exposure, however chronic
exposure (3 months) caused 92.85% growth of cells, suggesting
thereby the increased adaptability of cells due to chronic exposure
(Figure 2B).

In order to further confirm cell count data, the MTT assay was
performed. The results of MTT assay revealed decreased cell
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Table 1. List of genes with their forward and reverse primer sequences used for the gene expression analysis by real- time
quantitative PCR.

Size (base
Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-3) pair)
GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT 116
CyclinD1 AACTACCTGGACCGCTTCCT CCACTTGAGCTTGTTCACCA 204
Survivin AGCCAGATGACGACCCCATT GCAACCGGCCGAATGCTTTT 119
PARP1 GCCCTAAAGGCTCAGAACGA AAGGCACTTGCTGCTTGTTG 112
Bcl2 GGATGCCTTTGTGGAACTG AGCCTGCAGCTTTGTTTCAT 231
CD44 CCCAGATGGAGAAAGCTCTG GTTGTTTGCTGCACAGATGG 113
CDH1 TGAGTGTCCCCCGGTATCTT GAATCATAAGGCGGGGCTGT 112
WNT1 CCTCCACGAACCTGCTTACA TCCCCGGATTTTGGCGTATC 108
VEGF AGTTCGAGGAAAGGGAAAGGG GGAGGCTCCAGGGCATTAGA 100
doi:10.1371/journal.pone.0087371.t001
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Figure 1. Bar graph representation of data from DCFH-DA
assay on H,O, treated MCF-7 cells. Cell treatment and DCFH-DA
assay was performed as described in materials and methods.
Statistically significant (p<<0.05) changes are indicated by symbol *.
doi:10.1371/journal.pone.0087371.g001

viability by 20.86% and 63.78% in cells with acute exposure to 25
and 250 pM H5O, respectively. This decrease in cell viability by
HyOy exposure was statistically significant in higher doses. In
contrast to a significant decrease in cell viability as observed in
acute exposure, the chronic exposure to lower doses of HyOq
resulted in statistically significant (p<<0.05) increase by 34.65% in
viability of cells, and higher dose did not induce any significant
decrease (19.20%) in cell viability (Figure 2B). Therefore the
results of MTT assay further confirmed the HyO4 induced toxicity
in acute exposure and increased cell adaptability to HyOy in
chronic exposure, as revealed by cell count data.

Effect of H,O, on cell cycle of MCF-7 cells

Cell cycle analysis by flow cytometry was performed to further
understand the effect of acute and chronic exposure to HyO, on
proliferation of MCF-7 cells. The percentage of S phase cells in
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control group was 25%, whereas acute exposure to lower (25 uM)
and higher (250 uM) doses of HyOs resulted in 26% and 19.05%
of cells in S phase, respectively (Figure 3A). Similarly, as compared
to 18.41% G2/M phase cells in control, there was a dose-
dependent increase with 22.04% and 38.35% G2/M cells in
25uM and 250 uM  HyO, treatment groups respectively
(Figure 3A). The observed decrease in S Phase and increase in
G2/M phase cells by acute exposure to 250 pM HyOq as
compared to control was statistically significant (p<<0.05).

As compared to control with 25.64% of cells in S phase, the
chronic exposure to lower dose of HyOy resulted in 36.08% cells in
S phase (Figure 3B). This suggests that there was a 40.71%
increase in S phase cells due to chronic exposure to low dose of
H50,, and this increase was statistically significant. The percent-
age of G2/M cells in control was 26.41%, whereas cells exposed to
low dose of HyO9 has 20.90% cells in G2/M phase, suggesting
thereby a decrease of 20.86% in G2/M phase cells due to Hy09
treatment. In contrast to acute treatment that led to statistically
significant (p<<0.05) decrease in S phase and increase in G2/M
phase, the chronic exposure to higher dose of HyOy resulted in no
significant change in percentage of cells in S and G2/M phase as
compared to control (Figure 3B). This further suggests the
increased adaptability of cells due to chronic exposure.

Effect of H,O, on expression of genes

To further understand the molecular basis of HyOy induced
toxicity in acute exposure and increased adaptability of cells due to
chronic exposure, the expression of genes related to cell growth,
cell survival, and metastasis was measured at transcript level. A
summary of gene expression changes is given in Figures 4 and 5.
Details of gene expression changes induced by acute and chronic
exposure to HyOy are categorised under the following sub-
headings.

Cell growth and survival related genes

CyclinD1, Survivin, Poly (ADP-ribose) polymerase 1(PARPI) and Bcl2
were used in this study as representative for cell cycle and survival
related genes. The acute exposure to lower dose of HoO, did not
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Figure 2. Bar graph representation of cell growth data from cell count analysis (Figure 2A), and MTT assay (Figure 2B) of MCF-7
cells with acute and chronic exposure to H,0,. Values for cell count and MTT assay were converted into percentage of control (control = 100%).
The error bars represent the standard error of the mean (=SEM). Statistically significant (p<<0.05) changes are indicated by symbol *.

doi:10.1371/journal.pone.0087371.9002
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Figure 3. Flow cytometry histograms representing MCF-7 cells population in GO/G1, S, and G2/M phases of cell cycle after acute
(Figure 3A) and chronic (Figure 3B) exposure to H,0,. Cells treated with H,0, or untreated control were collected, fixed, and stained for cell
cycle analysis by flow cytometry as described in Materials and Methods Section. Percentage of cells in GO/G1, S and G2/M phase of cell cycle from
each histogram represent the average value from three independent experiments.

doi:10.1371/journal.pone.0087371.g003

cause any significant change in expression of any of these genes
analysed. However, the higher dose of HyOy resulted in
statistically significant (p<<0.05) decrease in the expression of
CyclinD1 by —2.28, Survivin by —2.22 and Bcl2 by —2.02 folds
(Figure 4A). Statistically insignificant increase by 1.88 fold in the
expression of PARPI was observed in cells acutely exposed to
250 uM HyOs. In contrast to acute exposure, the chronic
exposure to low dose of HyOy resulted in a statistically significant
(p<<0.05) increase in the expression of CyclinDI by 3.25, Survivin by
2.29 and Bel2 by 2.3 folds (Figure 4B). In higher dose of HyOs,
expression levels of all these genes were comparable to untreated
control. The gene expression data showing no change in acute
exposure but increased expression in chronic exposure with low
dose HyOy, and decreased expression of these genes in acute
exposure whereas no change in chronic exposure further confirms
at the molecular level the increased cell adaptability and/or
growth due to chronic exposure to HoOs.

Metastasis related genes

The expression of metastasis marker genes CD44, CDH1 (E-
Cadherin), WNTI1 and Vascular endothelial growth factor (VEGEF) were
analysed to evaluate the effects of HoOy induced oxidative stress
on metastatic potential of MCF-7 cells. Among these genes the
expression of VEGF was significantly increased by 2.12 fold and
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2.06 fold in cells with acute exposure to low and high dose of
HyO, respectively (Figure 5A), whereas the expression of WNT'1
was significantly down-regulated in cells with acute exposure to
high dose of HyOy. In contrast to acute exposure, the chronic
exposure to high dose of HyOy resulted in statistically significant
increase in the expression of pro-metastatic genes (D44 by 3.49
folds, WNTI by 2.62 folds and VEGF by 3.36 folds (Figure 5B).
The expression of anti-metastatic gene CDHI was significantly
down regulated by —2.9 fold as compared to control. The gene
expression data suggest that chronic exposure to HyOy not only
increases growth and survival, but also increases metastatic
potential of MCF-7 breast cancer cells.

Effect of H,O, on tumorigenicity of MCF-7 cells evaluated
by colony formation on soft agar

Soft agar assay was performed to determine the effect of chronic
exposure to HyOy induced oxidative stress on tumorigenic
phenotype of MCF-7 cells. The result of soft agar assay revealed
a significant increase in number of soft agar grown colonies from
cells exposed to both low as well as high dose of HyO, as
compared to untreated control MCF-7 cells. Representative
images of colonies from each treatment and control are given in
Figure 6 and the percentage of colony number increase is given as
histogram in Figure 7. As compared to untreated control, a 38%
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Figure 4. Real time quantitative reverse transcription PCR analysis of gene expression of cell growth and survival related genes.
Total RNA isolated from MCF-7 cells with acute and chronic exposure to H,O, was used to perform one step real-time quantitative reverse
transcription PCR as described in materials and methods. Cycle threshold value (Ct value) of each gene was normalized to the Ct value of
housekeeping gene GAPDH obtained from the same sample. The gene expression in fold change was calculated and histogram was plotted using
the means of triplicate values. Results of acute (Figure 4A) and chronic (Figure 4B) exposure were presented in separate histograms. Statistically
significant change (p<<0.05) in gene expression in treated groups as compared to the untreated control is indicated by symbol *.
doi:10.1371/journal.pone.0087371.g004

and 109% increase in number of colonies was observed from cells was no distinct difference in the size of soft agar grown colonies
chronically treated with low and high dose HyOy respectively between cells treated with low and high doses of HyOs. The result
(Figure 7). In addition to the increase in number of colonies, the of soft agar assay suggests that chronic exposure to H,Oy not only
size of soft agar colonies from HyO treated cells were also appear increases the growth but also the tumorigenicity of MCF-7 cells.

to be increased as compared to control (Figure 6). However, there
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Figure 5. Real time quantitative reverse transcription PCR analysis of gene expression of metastasis related genes. Total RNA isolated
from MCF-7 cells with acute and chronic exposure to H,O, was used to perform one step real-time quantitative reverse transcription PCR as described
in materials and methods. Cycle threshold value (Ct value) of each gene was normalized to the Ct value of housekeeping gene GAPDH obtained from
the same sample. The gene expression in fold change was calculated and histogram was plotted using the means of triplicate values. Results of acute
(Figure 5A) and chronic (Figure 5B) exposure were presented in separate histograms. Statistically significant change (p<<0.05) in gene expression in
treated groups as compared to the untreated control is indicated by symbol *.

doi:10.1371/journal.pone.0087371.9g005
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Figure 6. Representative photographs (40X magnification) of soft agar grown colonies. Actively growing MCF-7 cells with chronic
exposure to H,0, were harvested, plated, and grown in soft agar as described in materials and methods section. The representative images of
colonies from control, cells chronically treated with 25 uM and 250 uM of H,0, are given in panel A, B, and C respectively.
doi:10.1371/journal.pone.0087371.9g006
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Figure 7. Histogram showing the effect of chronic exposure to H,0, in MCF-7 on colony counts in soft agar assay. Colony numbers
were converted into percentage of control (control=100%). The error bars represent the standard error of the mean (£SEM). Statistically significant
changes (p<<0.05) when compared to untreated control are indicated by symbol *.

doi:10.1371/journal.pone.0087371.g007
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Discussion

The most important and novel finding that emerged from this
study is that the chronic exposure to oxidative stress leads not only
to increased cell growth and survival, but also in increased
tumorigenic potential of MCF-7 breast cancer cells. Since both
endogenous and exogenous risk factors of breast cancer including
estrogenic chemicals may act by multiple mechanisms, the
contribution of increased ROS in these biological responses is
difficult to quantify. Therefore in this study we exposed MCF-7
breast cancer cells directly to the HyOy induced oxidative stress
and our data suggest that increased ROS by itself significantly
contribute in induction of growth, survival and tumorigenic
potential of MCF-7 cells.

The response of breast cancer cells to ROS has been previously
examined, but these studies focused on short-term treatment
models [29,33,34]. To our knowledge this is the first report
providing direct evidence for the role of chronic exposure to
increased ROS in increasing cell growth, survival and tumorige-
nicity. Exogenous HyO, administration is known to increase
highly reactive hydroxyl radical and has been used extensively to
induce oxidative stress in different in-vitro and animal models [36—
38]. MCF-7 cells are estrogen responsive human breast adeno-
carcinoma cells and have been tested using HoO, exposure and
reported as a suitable in-vitro model of choice for analysis of
oxidative stress inducing chemicals [37,39]. Hence we selected
H50Oy as an exogenous source to expose MCF-7 cells to increased
levels of intracellular ROS for acute and chronic period.

ROS are known to elicit broad spectrum of cellular response
depending on concentration and duration of exposure. Low
concentrations of ROS can acts as a secondary messengers and
stimulate survival and proliferation of multiple cell types [40]. In
addition, ROS mediates mitogenic activity of cells through
regulation of cytosolic calcium concentration, phosphorylation of
proteins, and activation of transcription factors like NF-kf and
AP-1 [41,42]. Similar mitogenic response of estrogen-induced
ROS that leads to hyper activation of AKT, inhibition of pro-
apoptotic protein BAD and caspase 9, and activation of mitogenic
transcription factors such as ASK1 and GSK3 has also been
reported [43]. In contrast, an increased ROS level with resulting
oxidative stress is known to induce cell death by apoptosis
induction mediated by Fas ligand [44,45] and/or p53 [44]. Dose-
dependent dual function of ROS, that is, low dose-induced growth
and high dose-induced cell apoptosis in acute exposure as
observed 1n this study is consistent with these previous reports.
In addition, the adaptation of breast cancer cells to chronic
exposure to high dose of ROS, that was cytotoxic in acute study,
suggest that persistent exposure to even higher dose of ROS
eventually confer resistance to cell death. Mechanistically, this
adaptive response was associated with reversal of ROS-mediated
gene regulation that induces apoptosis in acute exposure. For
example, pro survival genes Bel2, Survivin and Cyclin DI genes were
down regulated in acute exposure, whereas, there was no
significant change in the expression of these genes in cells
chronically exposed to HoO9 as compared to untreated control.

Metastasis is one of the characteristic features of aggressive form
of malignant neoplasm and also the leading cause of mortality in
breast cancer patients. In addition to the increased growth and
survival, we also analysed the expression of genes involved in
metastatic potential of MCF-7 breast cancer cells. The increased
expression of pro-metastatic genes such as VEGF, (D44 and
WNTI; decreased expression of anti-metastasis gene E-cadherin
following chronic exposure to oxidative stress suggests that ROS
not only increases growth and survival, but can also increase
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metastatic potential of breast cancer cells. Multiple studies have
shown higher levels of ROS in metastatic tumor cells than normal
and primary malignant cells [46-48] and significant reduction in
metastasis potential with increased levels of antioxidant com-
pounds and ROS metabolizing enzymes [49]. Increased produc-
tion of ROS due to mutations in mitochondrial DNA has been
shown to contribute in metastatic potential of human breast
cancer cells [50]. Similarly, angiogenesis is a vital factor for tumor
growth and metastasis. VEGF is one of the major angiogenesis
factors and 1s known to stimulate angiogenesis by inducing
endothelial cell proliferation and migration [48,51]. These
previous reports and up-regulation of VEGF in HyOq exposed
cells as observed in this study further supports the role of ROS in
metastatic potential of cancer cells. ROS is believed to modulate
molecular cross talk between cell adhesion proteins like cadherins
and integrins and is one of the important process for cell to cell
adhesion [52]. Our data also revealed decreased expression of E-
cadherm in HoOy exposed cells. E-cadherin is an epithelial cell
adhesion molecule which is known to play key role in initial stage
of metastasis [53] and has been associated with poorly invasive and
poorly differentiated breast cancer phenotype [54]. Down
regulation of E- cadherin by estrogen-induced ROS has also been
reported [55]. The result of this study showing decreased
expression of E- cadherin in HyOy exposed cells is consistent with
these previous reports and further supports the role of increased
ROS in mediating the cancer cell metastasis by decreasing the
levels of E- cadherin. WNTs are another class of protein that
regulate initiation, progression, differentiation and metastasis of
cancer cells [56]. Up regulation of WANTI following chronic
exposure to high dose HyOy further strengthens our findings. Sub-
chronic (two to four days) exposure to oxidative stress has been
reported to increase invasive potential in mouse mammary gland
epithelial cells with morphological alterations suggesting epithelial
to mesenchymal transition along with redistribution of FE-cadherin
and up-regulation of MMPs [57]. Therefore our present findings of
ROS-induced changes in marker genes for cancer cell adhesion
and metastasis along with these previous reports suggest the role of
ROS in cancer cell metastasis. Additionally, this study has
provided the evidence for direct involvement of ROS in cancer
cell metastasis by regulating the genes involved in metastatic
pathway.

Interestingly our data suggest that higher dose of ROS causes
cell toxicity in acute exposure whereas the adaptability of those
cells that survives acute toxicity of ROS increases due to persistent
exposure to ROS. Previous studies have shown that increased
adaptability of cancer cells to chemotherapy is because of selective
growth advantage of cancer stem cells but not the other cancer
cells [3]. Several reports suggest the presence of cancer stem cell
(CSC) in breast cancer cell population and were considered to be
responsible for progression [58], metastasis [59], and resistance of
cancer cells to chemotherapy [60]. Exposure of genetically
unstable cancer cells to selective tumor micro-environment
pressures including increased ROS has been proposed for cancer
stem cell formation through epithelial to mesenchymal transition
by genetic and epigenetic changes [61]. Increased expression of
oxidative stress-responsive genes has been reported in breast
cancer stem cells and has also been implicated partly for the ability
of cancer stem cells to survive and resist anticancer therapy
[62,63]. Expression of CD44 is known to be higher in cancer stem
cells than the remaining cancer cells or parental cancer cells
[3,43]. For example, increased expression of (D44 has been
reported in tumorsphere cultures of MCF-7 cells [64]. Up
regulation of (D44 in association with elevated levels of ROS
was also reported in aggressive phenotype of nasopharyngeal
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carcinoma [65]. Increased expression of CD44 with down
regulation of E-cadherin and increased number of soft agar colony
formation in MCF-7 cells chronically exposed to HyOy in our
study 1s consistent with previous reports. These reports further
strengthens role of oxidative stress in CSC development. These
reports and the present finding of increased expression of cancer
stem cell markers such as CD44, and decreased expression of F-
cadherin (suggesting epithelial to mesenchymal transition) in HyOq
exposed cells suggest a potential mechanism for increased
adaptability of cancer cells to ROS toxicity by selection of cancer
stem cells. Further study is needed to understand how these cancer
stem cells tolerate ROS induced toxicity and to identify epigenetic
changes, if any, that provides them advantage in tolerating ROS.

In addition, the result of this study showing increased survival
and tumorigenicity of MCF-7 cells due to chronic oxidative stress
may also have implication in understanding the acquired
resistance to chemotherapeutic drugs in breast cancer cells due
to longer treatment. Certain chemotherapeutic agents produce
ROS and therefore cause oxidative stress in cancer cells [66,67].
Some of the breast cancer chemotherapeutic drugs shown to
induce oxidative stress include Tamoxifen, Doxorubicin, Mito-
mycin C, Etoposide and Cisplatin [31]. Recent studies suggest that
cellular adaptation to oxidative stress through activation of redox
sensitive transcription factors may be a mechanism for both
intrinsic and acquired resistance to multiple anticancer agents.
Additionally, resistance of cancer cells to these drugs was shown to

References

1. Brody JG, Rudel RA, Michels KB, Moysich KB, Bernstein L, et al. (2007)
Environmental pollutants, diet, physical activity, body size, and breast cancer:
where do we stand in research to identify opportunities for prevention? Cancer

109: 2627-2634.

2. Lan T, Wang L, Xu Q, Liu W, Jin H, et al. (2013) Growth inhibitory effect of

Cucurbitacin E on breast cancer cells. Int J Clin Exp Pathol 6: 1799-1805.

3. Owens TW, Naylor MJ (2013) Breast cancer stem cells. Front Physiol 4: 225.

4. Florea AM, Busselberg D (2011) Metals and breast cancer: risk factors or healing
agents? J Toxicol 2011: 159619.

5. Travis RC, Reeves GK, Green J, Bull D, Tipper §J, et al. (2010) Gene-
environment interactions in 7610 women with breast cancer: prospective
evidence from the Million Women Study. Lancet 375: 2143-2151.

6. Nickels S, Truong T, Hein R, Stevens K, Buck K, et al. (2013) Evidence of gene-
environment interactions between common breast cancer susceptibility loci and
established environmental risk factors. PLoS Genet 9: €1003284.

7. Rathore K, Choudhary S, Odoi A, Wang HC (2012) Green tea catechin
intervention of reactive oxygen species-mediated ERK pathway activation and
chronically induced breast cell carcinogenesis. Carcinogenesis 33: 174-183.

8. Fenton SE, Reed C, Newbold RR (2012) Perinatal environmental exposures
affect mammary development, function, and cancer risk in adulthood. Annu Rev
Pharmacol Toxicol 52: 455-479.

9. Laden F, Collman G, Iwamoto K, Alberg AJ, Berkowitz GS, et al. (2001) 1,1-
Dichloro-2,2-bis(p-chlorophenyljethylene and polychlorinated biphenyls and
breast cancer: combined analysis of five U.S. studies. J Natl Cancer Inst 93: 768
776.

10. St-Hilaire S, Mandal R, Commendador A, Mannel S, Derryberry D (2011)
Estrogen receptor positive breast cancers and their association with environ-
mental factors. Int J Health Geogr 10: 32.

11. Jefcoate CR, Lichr JG, Santen R], Sutter TR, Yager JD, et al. (2000) Tissue-
specific synthesis and oxidative metabolism of estrogens. J Natl Cancer Inst
Monogr: 95-112.

12. Zhai Y, Santucci-Pereira J, de Cicco RL, Russo IH, Russo J (2012) An - model
of epithelial mesenchymal transition in triple negative breast cancer. Drug
Discov Today Dis Mech 9: e35-¢40.

13. Yager JD, Davidson NE (2006) Estrogen carcinogenesis in breast cancer.
N Engl ] Med 354: 270-282.

14. Yue W, Yager JD, Wang JP, Jupe ER, Santen R]J (2013) Estrogen receptor-
dependent and independent mechanisms of breast cancer carcinogenesis.
Steroids 78: 161-170.

15. Roy D, Singh KP (2004) Estrogen-Induced genetic alterations and their role in
carcinogenicity. Current Genomics 5: 245-257.

16. Lerebours F, Lidereau R (2002) Molecular alterations in sporadic breast cancer.
Crit Rev Oncol Hematol 44: 121-141.

17. Niederacher D, An HX, Cho YJ, Hantschmann P, Bender HG, et al. (1999)
Mutations and amplification of oncogenes in endometrial cancer. Oncology 56:
59-65.

PLOS ONE | www.plosone.org

Oxidative Stress and Growth of Breast Cancer Cells

be correlated with increased antioxidant capacity [68,69]. It was
reported that these chemotherapeutic drugs-induced oxidative
stress can generate cell senescence with emergence of a cell
population with stem cell activity to evade chemotherapy [70]. In
addition, recent reports show that anticancer activity of Paclitaxel
against breast cancer cells is mediated by increased ROS
production through NADPH oxidases (NOX) activation [71].
Hence, findings of this study showing increased cell survival and
adaptation to chronic oxidative stress of HoOy exposed cells may
also explain a mechanism for resistance of breast cancer cells to
chemotherapeutics which induce cytotoxicity mainly by elevating
ROS levels in cancer cells. In summary the finding of this study
provides evidence for direct role of ROS in inducing growth and
metastatic potential in breast cancer cells. Additionally, this study
suggest that resistance to ROS-inducing chemotherapeutic drugs
in breast cancer could at least in part be due to selective growth
advantage of cancer stem cells in oxidative stress environment.
These findings will open a new avenue for designing or developing
a new strategy for breast cancer treatment by targeting redox
signalling through antioxidants.

Author Contributions

Conceived and designed the experiments: PKSM KPS. Performed the
experiments: PKSM. Analyzed the data: PKSM KPS. Contributed
reagents/materials/analysis tools: KPS. Wrote the paper: PKSM KPS.

18. Cavalieri E, Frenkel K, Liehr JG, Rogan E, Roy D (2000) Estrogens as
endogenous genotoxic agents-DNA adducts and mutations. J Natl Cancer Inst
Monogr: 75-93.

19. Li]J, Yen C, Liaw D, Podsypanina K, Bose S, et al. (1997) PTEN, a putative
protein tyrosine phosphatase gene mutated in human brain, breast, and prostate
cancer. Science 275: 1943-1947.

20. Cavalieri E, Chakravarti D, Guttenplan J, Hart E, Ingle J, et al. (2006) Catechol
estrogen quinones as initiators of breast and other human cancers: implications
for biomarkers of susceptibility and cancer prevention. Biochim Biophys Acta
1766: 63-78.

21. Patel MM, Bhat HK (2004) Differential oxidant potential of carcinogenic and
weakly carcinogenic estrogens: Involvement of metabolic activation and
cytochrome P450. J Biochem Mol Toxicol 18: 37-42.

22. Cavalieri EL, Rogan EG (2004) A unifying mechanism in the initiation of cancer
and other diseases by catechol quinones. Ann N'Y Acad Sci 1028: 247-257.

23. Bhat HK, Calaf G, Hei TK, Loya T, Vadgama JV (2003) Critical role of
oxidative stress in estrogen-induced carcinogenesis. Proc Natl Acad Sci U S A
100: 3913-3918.

24. Mense SM, Remotti F, Bhan A, Singh B, El-Tamer M, et al. (2008) Estrogen-
induced breast cancer: alterations in breast morphology and oxidative stress as a
function of estrogen exposure. Toxicol Appl Pharmacol 232: 78-85.

25. Matsui A, Ikeda T, Enomoto K, Hosoda K, Nakashima H, et al. (2000)
Increased formation of oxidative DNA damage, 8-hydroxy-2'-deoxyguanosine,
in human breast cancer tissue and its relationship to GSTPl and COMT
genotypes. Cancer Lett 151: 87-95.

26. Brown NS, Bicknell R (2001) Hypoxia and oxidative stress in breast cancer.
Oxidative stress: its effects on the growth, metastatic potential and response to
therapy of breast cancer. Breast Cancer Res 3: 323-327.

27. Zhao M, Wi H, Oh TI, Woo EJ (2013) Evaluation of anomaly detection
algorithm using trans-admittance mammography with 60x60 electrode array.
Conf Proc IEEE Eng Med Biol Soc 2013: 6433-6436.

28. Kundu N, Zhang S, Fulton AM (1995) Sublethal oxidative stress inhibits tumor
cell adhesion and enhances experimental metastasis of murine mammary
carcinoma. Clin Exp Metastasis 13: 16-22.

29. Paul S, Sengupta S, Bandyopadhyay TK, Bhattacharyya A (2012) Stevioside
induced ROS-mediated apoptosis through mitochondrial pathway in human
breast cancer cell line MCF-7. Nutr Cancer 64: 1087-1094.

30. Santner SJ, Pauley RJ, Tait L, Kaseta J, Santen RJ (1997) Aromatase activity
and expression in breast cancer and benign breast tissue stromal cells. J Clin
Endocrinol Metab 82: 200-208.

31. Ferlini C, Scambia G, Marone M, Distefano M, Gaggini C, et al. (1999)
Tamoxifen induces oxidative stress and apoptosis in oestrogen receptor-negative
human cancer cell lines. Br J Cancer 79: 257-263.

32. Pelicano H, Carney D, Huang P (2004) ROS stress in cancer cells and
therapeutic implications. Drug Resist Updat 7: 97-110.

January 2014 | Volume 9 | Issue 1 | e87371



33.

34.

36.

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

Deng YT, Huang HC, Lin JK (2010) Rotenone induces apoptosis in MCF-7
human breast cancer cell-mediated ROS through JNK and p38 signaling. Mol
Carcinog 49: 141-151.

Li YB, Gao JL, Zhong ZF, Hoi PM, Lee SM, et al. (2013) Bisdemethox-
ycurcumin suppresses MCF-7 cells proliferation by inducing ROS accumulation
and modulating senescence-related pathways. Pharmacol Rep 65: 700-709.

. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

Hwang SL, Yen GC (2008) Neuroprotective effects of the citrus flavanones
against H202-induced cytotoxicity in PC12 cells. J Agric Food Chem 56: 859~
864.

Saud A (2011) Assessemnt of MCF-7 cells as an invitro model system for
evaluation of chemical oxidative stressors. African Journal of Biotechnology
10:3872-3879.

Ganie SA, Haq E, Hamid A, Masood A, Zargar MA (2011) Long dose exposure
of hydrogen peroxide (H202) in albino rats and effect of Podophyllum
hexandrum on oxidative stress. Eur Rev Med Pharmacol Sci 15: 906-915.

. Waghray M, Cui Z, Horowitz JC, Subramanian IM, Martinez FJ, et al. (2005)

Hydrogen peroxide is a diffusible paracrine signal for the induction of epithelial
cell death by activated myofibroblasts. Faseb j 19: 854-856.

Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M (2006) Free radicals,
metals and antioxidants in oxidative stress-induced cancer. Chem Biol Interact
160: 1-40.

Storz P, Doppler H, Toker A (2005) Protein kinase D mediates mitochondrion-
to-nucleus signaling and detoxification from mitochondrial reactive oxygen
species. Mol Cell Biol 25: 8520-8530.

Hensley K, Robinson KA, Gabbita SP, Salsman S, Floyd RA (2000) Reactive
oxygen species, cell signaling, and cell injury. Free Radic Biol Med 28: 1456
1462.

Okoh VO, Felty Q, Parkash J, Poppiti R, Roy D (2013) Reactive oxygen species
via redox signaling to PI3K/AKT pathway contribute to the malignant growth
of 4-hydroxy estradiol-transformed mammary epithelial cells. PLoS One 8:
€54206.

Fujita T, Maruyama M, Araya J, Sassa K, Kawagishi Y, et al. (2002) Hydrogen
peroxide induces upregulation of Fas in human airway epithelial cells via the
activation of PARP-p53 pathway. Am J Respir Cell Mol Biol 27: 542-552.

. Geiser T, Ishigaki M, van Leer C, Matthay MA, Broaddus VC (2004) H(2)O(2)

inhibits alveolar epithelial wound repair in vitro by induction of apoptosis.
Am ] Physiol Lung Cell Mol Physiol 287: 1.448-453.

Heirman I, Ginneberge D, Brigelius-Flohe R, Hendrickx N, Agostinis P, et al.
(2006) Blocking tumor cell eicosanoid synthesis by GP x 4 impedes tumor growth
and malignancy. Free Radic Biol Med 40: 285-294.

Okada F, Shionoya H, Kobayashi M, Kobayashi T, Tazawa H, et al. (2006)
Prevention of inflammation-mediated acquisition of metastatic properties of
benign mouse fibrosarcoma cells by administration of an orally available
superoxide dismutase. Br J Cancer 94: 854-862.

Ushio-Fukai M, Nakamura Y (2008) Reactive oxygen species and angiogenesis:
NADPH oxidase as target for cancer therapy. Cancer Lett 266: 37-52.
Nishikawa M, Hyoudou K, Kobayashi Y, Umeyama Y, Takakura Y, et al.
(2005) Inhibition of metastatic tumor growth by targeted delivery of antioxidant
enzymes. J Control Release 109: 101-107.

Imanishi H, Hattori K, Wada R, Ishikawa K, Fukuda S, et al. (2011)
Mitochondrial DNA mutations regulate metastasis of human breast cancer cells.

PLo0S One 6: €23401.

PLOS ONE | www.plosone.org

10

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

Oxidative Stress and Growth of Breast Cancer Cells

Franco R, Schoneveld O, Georgakilas AG, Panayiotidis MI (2008) Oxidative
stress, DNA methylation and carcinogenesis. Cancer Lett 266: 6-11.

Goitre L, Pergolizzi B, Ferro E, Trabalzini L, Retta SF (2012) Molecular
Crosstalk between Integrins and Cadherins: Do Reactive Oxygen Species Set
the Talk? J Signal Transduct 2012: 807682.

Saha Roy S, Vadlamudi RK (2012) Role of estrogen receptor signaling in breast
cancer metastasis. Int J Breast Cancer 2012: 654698.

Beavon IR (2000) The E-cadherin-catenin complex in tumour metastasis:
structure, function and regulation. Eur J Cancer 36: 1607-1620.

. Oesterreich S, Deng W, Jiang S, Cui X, Ivanova M, et al. (2003) Estrogen-

mediated down-regulation of E-cadherin in breast cancer cells. Cancer Res 63:
5203-5208.

Anastas JN, Moon RT (2013) WNT signalling pathways as therapeutic targets in
cancer. Nat Rev Cancer 13: 11-26.

Mori K, Shibanuma M, Nose K (2004) Invasive potential induced under long-
term oxidative stress in mammary epithelial cells. Cancer Res 64: 7464-7472.

Dalerba P, Cho RW, Clarke MF (2007) Caancer stem cells: models and concepts.
Annu Rev Med 58: 267-284.

Wicha MS, Liu S, Dontu G (2006) Cancer stem cells: an old idea—a paradigm
shift. Cancer Res 66: 1883-1890; discussion 1895-1886.

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003)
Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad
Sci U S A 100: 3983-3988.

Owens TW, Naylor MJ (2013) Breast cancer stem cells. Frontiers in Physiology
4.

Azad N, Rojanasakul Y, Vallyathan V (2008) Inflammation and lung cancer:
roles of reactive oxygen/nitrogen species. J Toxicol Environ Health B Crit Rev
11: 1-15.

Liu L, Yang Z, Xu Y, Li J, Xu D, et al. (2013) Inhibition of oxidative stress-
elicited AKT activation facilitates PPARgamma agonist-mediated inhibition of
stem cell character and tumor growth of liver cancer cells. PLoS One 8: ¢73038.
Ao A, Morrison BJ, Wang H, Lopez JA, Reynolds BA, et al. (2011) Response of
estrogen receptor-positive breast cancer tumorspheres to antiestrogen treat-
ments. PLoS One 6: ¢18810.

. Lin CH, Hung PH, Chen Y]J (2013) CD44 Is Associated with the Aggressive

Phenotype of Nasopharyngeal Carcinoma through Redox Regulation. Int J Mol
Sci 14: 13266-13281.

Sullivan R, Graham CH (2008) Chemosensitization of cancer by nitric oxide.
Curr Pharm Des 14: 1113-1123.

Pervaiz S, Clement MV (2004) Tumor intracellular redox status and drug
resistance—serendipity or a causal relationship? Curr Pharm Des 10: 1969-1977.
Ramanathan B, Jan KY, Chen CH, Hour TC, Yu HJ, et al. (2005) Resistance to
paclitaxel is proportional to cellular total antioxidant capacity. Cancer Res 65:
8455-8460.

Hoshida Y, Moriyama M, Otsuka M, Kato N, Taniguchi H, et al. (2007) Gene
expressions associated with chemosensitivity in human hepatoma cells.
Hepatogastroenterology 54: 489-492.

Achuthan S, Santhoshkumar TR, Prabhakar J, Nair SA, Pillai MR (2011) Drug-
induced senescence generates chemoresistant stemlike cells with low reactive
oxygen species. J Biol Chem 286: 37813-37829.

Alexandre J, Hu Y, Lu W, Pelicano H, Huang P (2007) Novel action of
paclitaxel against cancer cells: bystander effect mediated by reactive oxygen
species. Cancer Res 67: 3512-3517.

January 2014 | Volume 9 | Issue 1 | e87371



