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Abstract

Aims: Although earlier reports highlighted a tumor suppressor role for manganese superoxide dismutase
(MnSOD), recent evidence indicates increased expression in a variety of human cancers including aggressive
breast carcinoma. In the present article, we hypothesized that MnSOD expression is significantly amplified in the
aggressive breast carcinoma basal subtype, and targeting MnSOD could be an attractive strategy for enhancing
chemosensitivity of this highly aggressive breast cancer subtype. Results: Using MDA-MB-231 and BT549 as a
model of basal breast cancer cell lines, we show that knockdown of MnSOD decreased the colony-forming
ability and sensitized the cells to drug-induced cell death, while drug resistance was associated with increased
MnSOD expression. In an attempt to develop a clinically relevant approach to down-regulate MnSOD expres-
sion in patients with basal breast carcinoma, we employed activation of the peroxisome proliferator-activated
receptor gamma (PPARc) to repress MnSOD expression; PPARc activation significantly reduced MnSOD ex-
pression, increased chemosensitivity, and inhibited tumor growth. Moreover, as a proof of concept for the
clinical use of PPARc agonists to decrease MnSOD expression, biopsies derived from breast cancer patients who
had received synthetic PPARc ligands as anti-diabetic therapy had significantly reduced MnSOD expression.
Finally, we provide evidence to implicate peroxynitrite as the mechanism involved in the increased sensitivity to
chemotherapy induced by MnSOD repression. Innovation and Conclusion: These data provide evidence to link
increased MnSOD expression with the aggressive basal breast cancer, and underscore the judicious use of PPARc
ligands for specifically down-regulating MnSOD to increase the chemosensitivity of this subtype of breast
carcinoma. Antioxid. Redox Signal. 00, 000–000.
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Introduction

Breast carcinoma is the most frequently diagnosed
malignancy among women in the Western world and the

second leading cause of cancer-related deaths in women (21).
While considerable progress has been made in the diagnosis
and treatment of estrogen-dependent breast cancer with
much improved patient survival, estrogen-independent
breast cancer, particularly tumors of the basal subtype, are
associated with poor prognosis partly due to a lack of target-
specific therapeutic options. Therefore, it is highly desirable to
identify subtype specific signaling networks and/or molecu-
lar mechanisms with the overall objective of designing and
developing effective therapeutic strategies.

Among the many aberrations in the regulation of cell
growth and fate signaling associated with the process of car-
cinogenesis or cancer progression is a significant change in the
overall cellular metabolism (2, 35, 42). The increases in the
energy demand and metabolic activity result in a change in
cellular redox milieu, which is further compounded by al-
terations in the anti-oxidant defense capacity (63, 69). While
the reported evidence implicates a reduced anti-oxidant ca-
pacity in the initiation of carcinogenesis, the high metabolic
flux in the settings of an established tumor may result in a
robust induction of cellular anti-oxidant enzymes to copewith
the increase in oxidative stress. Along these lines, our recent
work has unraveled distinct redox signaling in cancer cell fate
decisions (1, 8, 55, 56).

Since mitochondrial respiration is an important source of
superoxide (O2

- ) generation in the cells apart from NADPH
oxidases, manganese superoxide dismutase (MnSOD) plays
an importance role in maintaining redox balance and mito-
chondrial integrity (49). There is compelling evidence that
cancer cells are heavily reliant on the activity of the various
SODs (25) to deal with the acquired oxidative stress (23). Of
note, while an earlier body of work demonstrated a tumor
suppressor function of MnSOD (4, 43, 50), other reports
demonstrated significantly higher expression of MnSOD in
human tumors than their normal counterparts (9, 27, 39, 51).
Not only hasMnSODoverexpression been reported in cancers
of the thyroid, brain, gastric, and colon (9, 28, 48), but also,
more importantly, recent data indicate that in lung, gastric,
and liver cancer patients, high MnSOD gene expression cor-
relates with poorer prognosis, lower overall survival rates,
and lower relapse-free survival (5, 34, 61).

Interestingly, more recent studies provide a plausible ex-
planation for the high variability inMnSOD gene expression in
cancers. The authors show that MnSOD gene expression de-
creases in vivo as cells transit to early-stage cancer, reiterating
its tumor suppressor function. However, MnSOD gene ex-
pression increases when cells acquire a more aggressive and
invasive phenotype, a phenotype that is typically observed in
basal subtype of breast tumors (10, 11, 13, 15). Relevant to this
study, studies have also reported higher levels of MnSOD ex-
pression in invasive basal-like breast cancer cell lines (MDA-
MB-231 and BT-549), compared with the noninvasive (MCF-7
and T47D) or nontumorigenic cell lines (MCF-12A and MCF-
12F) (33, 47). These data provide testimony that targeting
MnSOD could be an attractive therapeutic strategy against
basal-type breast tumors, which would render cells susceptible
to oxidative stress-induced cell death. To that end, increased
mitochondrial reactive oxygen species (MitoROS) generation
has been proposed as an effective anti-cancer strategy (54, 68).

We recently reported that the human MnSOD promoter
region contains peroxisome proliferator response element
(PPRE) binding motifs and that activation of the peroxisome
proliferator-activated receptor-c (PPARc) in invasive basal-
like breast cancer cells (MDA-MB-231 and MDA-MB-468)
resulted in a significant decrease in MnSOD mRNA and
protein levels (64). We and others have previously shown that
breast cancer cells express higher levels of PPARc compared
with normal breast epithelial cells (14, 37, 40), and that PPARc
activation inhibited proliferation of liposarcoma (62), breast
adenocarcinoma (14, 37, 40), prostate carcinoma (36), and
colorectal carcinoma (12). Furthermore, ligand activation of
PPARc produces ROS that play critical roles in regulating cell
proliferation, apoptosis, and transformation. Thus, upsetting
the intracellular ROS balance to activate apoptotic pathways
is closely associated with PPARc-induced cytotoxicity.
However, the mechanism(s) by which PPARc agonism in-
duces ROS production were never clearly elucidated. Several
possible mechanisms are suggested in Table 1, but none of
these has been experimentally proven. Since MnSOD is a di-
rect target of PPARc, we hypothesize that repression of
MnSOD accounts for the known changes in intracellular ROS
levels in tumor cells treated with PPARc ligands.

Here, we provide evidence in vitro and in vivo that activa-
tion of PPARc induces tumor-specific down-regulation of
MnSOD in basal sub-type of breast cancer, which significantly
increases chemosensitivity via an increase in intracellular
ROS. These findings suggest a novel way to exploit the use of
synthetic agonists of PPARc for the selective targeting of
MnSOD in combination with ROS-producing drugs in a un-
ique antitumor strategy against basal breast carcinoma coined
‘‘tumor-specific oxidative stress therapy.’’

Results

MnSOD expression is significantly higher

in the basal-like and claudin-low breast

carcinoma subtypes

Taking advantage of publicly available microarray data,
we assessed the expression of MnSOD in relation to the sub-
type of breast carcinoma. Five hundred and thirty six invasive
ductal breast carcinomas microarray profiles were down-
loaded from The Cancer GenomeAtlas (TCGA). The subtypes
of these 536 breast cancer tumors were then predicted using

Innovation

Manganese superoxide dismutase (MnSOD) is a major
regulator of cellular redox metabolism. Although earlier
reports highlighted a tumor suppressor role for MnSOD,
recent evidence indicates increased expression in a vari-
ety of human cancers. To that end, our data provide ev-
idence to link increased expression of MnSOD with the
aggressive basal subtype of breast cancer, and underscore
the judicious use of peroxisome proliferator-activated
receptor gamma ligands for specifically down-regulating
MnSOD to induce mitochondrial oxidative stress-
dependent increase in chemosensitivity of this sub-type
of breast cancer with limited treatment options.
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Single-Sample Geneset Enrichment Analysis (ssGSEA; Ver-
haak et al.65) and breast cancer subtype signature (57). Inter-
estingly, when comparing each subtype against the others,
the mean MnSOD expression was significantly higher in the
basal and claudin-low breast carcinoma subtypes (Mann-
Whitney test, p= 8.93e-20 and p= 1.3e-7, respectively),
whereas the mean MnSOD expression was significantly
lower in Luminal A and B subtypes (Mann–Whitney test,
p= 6.8e-13, and p= 6.5e-4 respectively) (comparing each lu-
minal subtype against the other subtypes) (Fig. 1A). Of note,
an identical pattern of expression for MnSOD was observed
using a second collection of 3992 breast carcinomas on Af-
fymetrix U133a or U133 Plus2 platform collated from Gene
Expression Omnibus (GEO) database (Fig. 1B); a binary
comparison of mean MnSOD expression values in each
subtype against others revealed that basal, claudin-low,
and ERBB2 subtypes have significantly higher expression
levels (Mann–Whitney test, p= 2.95e-128, p= 2.33e-22, and
p= 1.41e-31, respectively) compared with luminal A, luminal
B, and normal-like subtypes; whereas the mean expression
was significantly lower in Luminal A and Luminal B sub-
types (Mann–Whitney test, p= 4.53e-76, and p= 7.56e-37,
respectively) compared against the other subtypes.

High MnSOD expression correlates with poor survival

in the basal subtype

Intrigued by the higher MnSOD expression in the basal
subtype of cancers using two independent datasets, we set out
to investigate whether a higher MnSOD expression could be a
poor prognostic indicator in this particular subtype of breast
carcinoma. To do so, we analyzed the association of MnSOD
gene expression level with survival of patients within the
basal breast tumor subtype over a period of 90 months (*7.5
years). Kaplan–Meier analysis on 72 basal-like breast can-
cer patients with available survival information from the
TCGA database was performed. In this Kaplan–Meier anal-
ysis, patients within the basal subtype were classified into
MnSOD-high or -low group based on the median of MnSOD
expression levels (Fig. 1C). Subsequently, the survival curves
for the MnSOD-high and MnSOD-low groups were com-
pared. Although there was no significant difference in terms
of p-value, due to the relatively small number of samples,
a separation in survival curves was observed between the
MnSOD-high and -low groups (log-rank test, p= 0.2792;
hazard ratio = 0.4404). Hence, this result strongly supports the
fact that low MnSOD expression in patients with basal breast
cancer type could have a better survival as compared with
those in the MnSOD-high group (Fig. 1C).

Down-regulation of MnSOD enhances chemosensitivity

of basal-like breast carcinoma cell lines

Based onourdata suggesting a relatively poorer prognosis for
the patients in the highMnSOD group within the basal subtype
of breast cancers, we hypothesize that MnSOD could be an at-
tractive therapeutic target in the management of this particular
subtype of tumor. To test this hypothesis, we used two human
breast cancer cell lines (MDA-MB-231 and BT549) that were
recently shown to closely resemble the clinical basal-like tumors
(32). Our results show that gene knockdown of MnSOD using
specific small-interfering ribonucleic acid (siRNA) impaired
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long-term colony-forming ability (Fig. 2A, B and Supplementary
Fig. S1A, B; Supplementary Data are available online at
www.liebertpub.com/ars) as well as significantly increased the
sensitivity of both cell lines to docetaxel (DOC) and doxorubicin
(DOX) (Fig. 2C–G and Supplementary Fig. S1C–E), two com-
monly useddrugs for the treatment of breast cancer. AnMnSOD
activity assay was performed to validate that changes in
MnSOD protein expression corresponded to changes in protein
activity (Supplementary Fig. S9A, B). Manipulation of MnSOD
was also found to change reduced/oxidized glutathione (GSH/
GSSG) ratios accordingly but had no significant effects on cat-
alase expression (Supplementary Fig. S9C–F).

PPARg activation down-regulates MnSOD expression

in basal-like breast carcinoma cell lines

Our results so far indicated that targeting MnSOD ex-
pression could have potential implications in enhancing the
chemosensitivity of basal-like subtype of breast tumors.
However, for this approach to have therapeutic applica-
tions, there is a need to find a clinically relevant protocol to
selectively decrease MnSOD expression in these cells. In-
terestingly, we recently showed that humanMnSOD gene is
a target of the PPARc. A functional PPRE was identified in
the upstream/promoter region of the human MnSOD gene.
Of note, activation of PPARc by its endogenous ligand,
15-deoxy D12,14-PGJ2 (15d-PGJ2), significantly decreased
MnSOD promoter activity andmRNA level in the basal-like
tumor cell lines MDA-MB-231 and MDA-MB-468 (64). In
the present article, these results were reproduced using
BT549 cells and confirmed in the MDA-MB-231 cell line.
Exposure of MDA-MB-231 and BT549 cells to 15d-PGJ2
induced the activation of PPARc (Supplementary Fig.
S2A), which correlated with a dose-dependent decrease in
MnSOD mRNA level and protein expression (Fig. 3A, B
and Supplementary Fig. S2B, C). Moreover, the down-
regulation of MnSOD mRNA and protein expression with
15d-PGJ2 was inhibited by the selective and irreversible
PPARc antagonist GW9662 (Fig. 3A, B, Supplementary
Fig. S2B, C) or on transfection of the cells with a dominant
negative form of PPARc, PPARcC126A/E127A (Fig. 3C and
Supplementary Fig. S2D). On the contrary, exposure of the
nontumorigenic breast cell lines 184A1 and MCF10A to
15d-PGJ2 neither induced PPARc activation nor resulted in
a decrease in MnSOD mRNA and/or protein expression
(Supplementary Figs. S2A and S3A, B).

Next, to assess whether down-regulation of MnSOD
was associated with the inhibitory effect of PPARc activation
on tumor growth, viable MDA-MB-231 cells were injected
into the mammary fat pads of 6 week-old female Balb/c
nude mice. Tumors were allowed to grow to a volume of 50–
70mm3 before the tumor-bearing mice were separated into a
control and a 15d-PGJ2–treated group. As shown in Figure
3D, administration of 15d-PGJ2 given at a dose of 5mg/kg via
tail vein every 3 days significantly inhibited further tumor
growth; the mean tumor volume in the 15d-PGJ2 group was
significantly smaller than the vehicle-treated control group
(control group mean= 131.55– 6.16mm3; 15d-PGJ2 group
mean = 56.62– 11.28mm3). Most importantly, not only did
15d-PGJ2 induce activation of PPARc in vivo, but also a sig-
nificant down-regulation of MnSOD expression was detected
in the 15d-PGJ2 group (Fig. 3E).

FIG. 1. Low manganese superoxide dismutase (MnSOD)
expression in breast cancer patients translates into higher
survival rates. (A) MnSOD gene expression among 536 breast
cancer patient data from The Cancer Genome Atlas. Dot plot of
MnSOD gene expression value (y-axis) for each breast cancer
subtype, namely Basal, Claudin-low, Luminal-A, Luminal-B,
ERBB2 (HER2+ ), and Normal like. Maroon color represents
basal subtype; yellow represents Claudin-low subtype; light blue
represents Luminal-A, whereas dark blue represents Luminal-B
tumors. ERBB2 and Normal-like tumors are represented by or-
ange and green, respectively. (B) MnSOD gene expression
among3992 breast cancer patient data fromAffymetrix platform.
Dot plot ofMnSODgene expression value (y-axis) for each breast
cancer subtype, namely Basal, Claudin-low, Luminal-A, Lumi-
nal-B, ERBB2 (HER2+ ), and Normal like. Maroon color repre-
sents basal subtype; yellow represents Claudin-low subtype;
light blue represents Luminal-A, whereas dark blue represents
Luminal-B tumors. ERBB2 and Normal-like tumors are re-
presented by orange, and green, respectively. (C) Kaplan–Meier
plot of MnSOD-high and -low groups defined by median of
MnSOD expression in patients within the basal subtype (n=72).
Log-rank test was used to compute the p-value. Low expression
of MnSOD is represented by blue, whereas high expression of
MnSOD is represented by red. Abbreviation: HR, Hazard Ratio.
To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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Having demonstrated that activation of PPARc using its
natural ligand 15d-PGJ2, specifically decreased MnSOD
expression in basal breast cancer cell lines and a xenograft
model, we next investigated whether these results could
be reproduced using synthetic PPARc ligands, such as
rosiglitazone and troglitazone. MDA-MB-231 and BT549
cells were exposed to increasing concentrations of ro-
siglitazone and troglitazone to determine the concentra-
tion required to detect an activation of PPARc. Exposure
of MDA-MB-231 to 40 to 80 lM rosiglitazone and 30 to
50 lM troglitazone induced significant increases in PPARc
activation (Supplementary Fig. S4A, B) that were pre-

vented in the presence of the PPARc antagonist GW9662.
Moreover, a down-regulation of MnSOD mRNA level and
protein expression that was inhibited by GW9662 was also
observed (Fig. 4A–D).

Validation of PPAR-g-mediated repression of MnSOD

in patient-derived breast cancer tissue

In order to provide a ‘‘proof of concept’’ that synthetic
PPARc ligands could induce a decrease inMnSOD expression
in the clinical setting, we exploited the therapeutic use of the
synthetic PPARc ligands for the management of type 2

FIG. 2. Targeted repression of
MnSOD inhibits colony-forming
ability of basal-like breast tumor
cells and increases sensitivity to
chemotherapeutic drugs. (A) Top
panel: Western blot of MDA-MB-231
cells transfected with 100 nM con-
trol scrambled siRNA (ctsi) and
siMnSOD. Bottom panel: Colony-
forming assay of MDA-MB-231
cells transfected with ctsi and
siMnSOD and grown for 2 weeks.
(B) Number of colonies from (A)
was counted. Results shown repre-
sent mean– SD, n = 3, *p < 0.05 ver-
sus ctsi. (C) MDA-MB-231 cells
were transfected with ctsi and
siMnSOD. Forty eight hours post
transfection, cells were treated with
30 and 60 nM docetaxel (DOC) for
48 h before cell viability was as-
sessed using crystal violet assay.
(D) MDA-MB-231 cells were trans-
fected with ctsi and siMnSOD.
Forty eight hours post transfection,
cells were treated with 0.2 and
0.4 lM doxorubicin (DOX) for 48 h
before cell number was assessed
using crystal violet assay. Results
shown represent mean – SD, n= 3,
*p < 0.05 versus control. (E) Light
microscopy images of MDA-MB-
231 cells transfected with ctsi and
siMnSOD and treated with 60 nM
DOC or 0.4 lM DOX for 48 h ( · 200
magnification). (F) Colony-forming
assay of MDA-MB-231 cells trans-
fected with ctsi and siMnSOD and
treated with 60 nM DOC or 0.4 lM
DOX for 48 h. Cells were re-seeded
and grown for 2 weeks. (G) Num-
ber of colonies from (F) was coun-
ted. Results shown represent
mean – SD, n = 3, *p < 0.05 versus
ctsi.
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Diabetes Mellitus. To that end, we compared the expression
of MnSOD in breast cancer tissues of diabetic patients
treated with rosiglitazone versus breast cancer patients who
did not receive rosiglitazone (but other anti-diabetic drugs)
for their diabetic condition and/or nondiabetic patients
with breast cancer. A total of 15 cases of carcinoma of the
breast (intra-ductal carcinoma grade 2 to grade 3) with
available paraffin-embedded tissue blocks were identified
for the period 2004 and 2006 from the pathology files of the
Department of Pathology, National University of Singa-
pore. These cases were divided into three groups: Group I:
diabetic breast cancer patients treated with rosiglitazone,

Group II: diabetic breast cancer patients treated with other
anti-diabetic drugs, and Group III: nondiabetic breast can-
cer patients. Immunohistochemical (IHC) analysis showed
that the expression of MnSOD in clinical tissues corrobo-
rated our findings in breast cancer cell lines on the repres-
sive effect of PPARc activation onMnSOD expression: three
out of four patients in Group I (diabetics on rosiglitazone)
showed reduced levels of MnSOD expression compared
with the tumors of all patients from the other two groups.
Note that the invasive ductal carcinoma grade at diagnosis
was similar within the different groups (Fig. 4E). A repre-
sentative immunohistochemistry stain of a tumor tissue

FIG. 3. Activation of peroxisome proliferator-activated receptor gamma (PPARc) down-regulates MnSOD expression in
the MDA-MB-231 breast carcinoma cell line. (A) Real-time Polymerase Chain Reaction (RT-PCR) analysis of relative MnSOD
mRNA levels normalized to 18S mRNA levels. MDA-MB-231 cells were subjected to 24h of 5 and 10lM 15-deoxy D12,14-PGJ2
(15d-PGJ2) treatment with and without 4 h preincubation with 10lM GW9662. Results are expressed as fold changes from
control. Results shown represent mean– SD, n= 4, *p< 0.05 versus control. (B) Western blot analysis of MDA-MB-231 breast
cancer cells–GW9662 preincubation and then treated with 5 and 10lM 15d-PGJ2 for 24 h. (C) Top panel: Western blot analysis of
MDA-MB-231 cells transfected with pcMX-EV and 5lg DNPPARc (plasmids encoding a dominant negative form of PPARc).
Bottom panel: RT-PCR analysis of relative MnSOD mRNA levels normalized to 18S mRNA levels in MDA-MB-231 cells
transfected with DNPPARc or pcMX-EV before exposure to increasing doses of 15d-PGJ2 for 24 h. Results are expressed as fold
changes from control. Results shown represent mean– SD, n= 3, *p< 0.05 versus control. (D) MDA-MB-231 cells (1· 107 cells/
100ll) were inoculated in the mammary fat pads of female Balb/c nude mice. Once the tumor volume reached 50 to 70mm3,
mice were randomized into two groups (n= 3), and treatment was initiated. Mice were treated with vehicle control and 15d-
PGJ2 (5mg/kg) as described in ‘‘Materials and Methods.’’ Tumor size was measured daily with a caliper (calculated vol-
ume= shortest diameter2· longest diameter/2). *p< 0.05, significantly different from respective control. Serum levels of gluta-
mate-oxaloacetate transaminase and glutamate-pyruvate transaminase were assessed to monitor organ toxicity in animals
receiving 15d-PGJ2, and the dosage used in the in vivo study was safe based on these parameters, as previously reported (59). (E)
Tumor tissues obtained from experiment described earlier on day 18 were subjected to immunohistochemistry using antibodies
against MnSOD. The sections were counterstained with hematoxylin and photographed with a Scan Scope (Aperio Technol-
ogies, Inc.). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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(2 + /3 + ) showing higher MnSOD expressions than a tumor
tissue (0/1 + ) is presented on the right panel of Figure 4E.

MnSOD regulates PPARg activation-induced

chemosensitization of MDA-MB-231 cells

Synthetic ligands of PPARc have been shown to sensitize a
variety of human cancer cell types to chemotherapy-induced

cell death. Intrigued by our findings that gene knockdown of
MnSOD enhanced chemosensitivity of MDA-MB-231 cells
(Fig. 2C–G) and activation of PPARc down-regulatedMnSOD
expression (Fig. 3A, B), we questioned whether the chemo-
sensitizing effect of PPARc ligands could bemediated via their
repressive effect on MnSOD. Indeed, exposure of MDA-MB-
231 cells to rosiglitazone alone or in combination with DOC or
DOX resulted in a significant down-regulation of MnSOD

FIG. 4. Synthetic glitazones repress MnSOD expressions in breast tumor cell lines and in tissues from breast cancer
patients on rosiglitazone treatment. (A) MDA-MB-231 –GW9662 were treated with 40 and 80lM rosiglitazone for 24 h. RT-
PCR analysis of relative MnSOD mRNA levels normalized to 18S mRNA levels. Results are expressed as fold changes from
control. Results shown represent mean – SD, n= 4, *p < 0.05 versus control. (B) MDA-MB-231 –GW9662 were treated with 30
and 50lM troglitazone for 24 h. RT-PCR analysis of relative MnSOD mRNA levels normalized to 18S mRNA levels. Results
are expressed as fold changes from control. Results shown represent mean – SD, n = 3, *p < 0.05 versus control. (C)Western blot
analysis of MDA-MB-231 –GW9662 and treated with 40 and 80lM rosiglitazone for 24 h. (D) Western blot analysis of MDA-
MB-231 –GW9662 and treated with 30 and 50lM troglitazone. (E) Left panel: Immunohistochemical (IHC) MnSOD scoring
results for breast cancer tissues and matched normal tissues from three different groups of patients: (Group I) diabetic breast
cancer patients treated with rosiglitazone; (Group II) diabetic breast cancer patients treated with other anti-diabetic drugs;
and (Group III) nondiabetic breast cancer patients. Right panel: IHC localization of MnSOD antigen done on formalin-fixed,
paraffin-embedded tumor breast tissues. Tissue sections were incubated with rabbit monoclonal MnSOD antibody. Positively
stained cells were evaluated using the following intensity categories: 0 (no staining), 1 + (weak but detectable staining), 2 +
(moderately intense staining), and 3 + (very intense staining) (· 20 magnification). To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/ars
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expression (Fig. 5A), and the combination treatment drasti-
cally affected the clonogenic potential of these basal-like
breast cancer cells (Fig. 5B–D). Most importantly, the che-
mosensitizing effect of rosiglitazone was significantly blocked
on overexpression of MnSOD (Fig. 5E–I), thus providing
further testimony for a critical role of MnSOD in regulating
the chemosensitizing effect of PPARc activation. Similar
treatment of nontumorigenic cells (MCF10A and 184A1) had
negligible effects on MnSOD expression and cell survival,
thus providing further evidence that this effect is specific to
cancer cells (Supplementary Figs. S5A–F, S6A–H).

Validation of MnSOD as a potential target

in chemotherapy-resistant breast cancer

Acquisition of chemoresistance remains a major challenge in
the therapeutic management of breast cancer. Based on our data
demonstrating the ability of MnSOD to block death signaling in
breast cancer cells,we set out to generate chemotherapy resistant
clones of MDA-MB-231 cell line and assessed the role of
MnSOD. This was accomplished by exposing cells to DOX or
DOC in a ‘stepwise increase’ method for a period of 4–6 weeks
and selecting the surviving clones (Fig. 6A, B). Interestingly, the
expression of MnSOD (mRNA and protein) was significantly
increased in MDA-MB-231 cells that were rendered resistant to
both the chemotherapy agents compared with the original
MDA-MB-231 cell line (Fig. 6C–F). Furthermore, knockdown of
MnSODusing gene-specific siRNA restored the sensitivity of the
DOX and DOC MDA-MB231-resistant cell lines, MDA-MB-231
DOX-R and MDA-MB-231 DOC-R, respectively (Fig. 6G, H).
Similarly, repression of MnSOD on ligand-induced activation of
PPARc restored chemosensitivity of the drug-resistant variants
of MDA-MB-231 (Fig. 6I, J).

MnSOD-targeted chemosensitivity is linked

to an accumulation of peroxynitrite

Finally, we set out to understand the mechanism involved
in the decrease in viability of basal breast cancer cells and their
increased chemosensitivity after down-regulation of MnSOD.
Results show that down-regulation of MnSOD expression
using siMnSOD or 15d-PGJ2 increases MitoROS as measured
by the MitoSOX fluorescent probe. The increase in MitoROS
caused by PPARc activation could be inhibited by N-Acetyl
cysteine (NAC) (Fig. 7A, B and Supplementary Fig. S7A, B),
overexpression ofMnSOD (Fig. 7C–E and Supplementary Fig.
S7C), or preincubation with the PPARc antagonist GW9662
(Fig. 7F–H and Supplementary Fig. S7D).

Since intracellular increase in ROS has been implicated in
the anti-cancer activity of DOC or DOX (26, 68), we ques-
tioned whether the increased sensitivity of cancer cells to
these drugs in combination with PPARc ligands could be due
to this accentuated mitochondrial oxidative stress. Indeed,
MitoROS level measured by MitoSOX was further increased
in MDA-MB-231 cells on combination treatment with ro-
siglitazone and DOX or DOC, compared with single agent
treatment (Fig. 8A, B). Ectopic overexpression of MnSOD
prevented rosiglitazone-induced increase in MitoROS and
sensitization to DOC or DOX in MDA-MB-231 cells (Fig. 8C–
E), whereas similar treatment of the nontumorigenic cell lines
(MCF10A and 184A1) did not significantly alter intracellular
ROS levels assayed byMitoSOX (Supplementary Fig. S8A–D).

Accumulation of O2
- in the mitochondria was confirmed

by showing that on treatment with rosiglitazone, DOC or
DOX, tiron, but not catalase, could prevent the increase in
MitoSOX fluorescence (Fig. 9D–I). Interestingly, in addition to
O2

- production, mitochondria have also been shown to pro-
duce the reactive nitrogen species, nitric oxide (NO) (20). Using
4-amino-5-methyamino-2,7’-difluorofluorescein (DAF-FM) to
detect NO, our data show that in addition to an increase in O2

- ,
an increase in NO level could be detected on silencing of
MnSOD in MDA-MB-231 cells (Fig. 9A). NO level was also
significantly increased on combination treatment with rosigli-
tazone andDOCorDOX comparedwith single-agent treatment
(Fig. 9B, C). These data led us to hypothesize that mitochondrial
O2

- production induced by MnSOD repression could react
with NO to form the reactive nitrogen species, peroxynitrite
(ONOO- ), which could be responsible for the enhanced sensi-
tivity to DOC or DOX (52). In agreement with this idea, che-
mosensitization toDOCorDOXby rosiglitazonewas prevented
by preincubation of the cells with NAC, Tiron, and the ONOO-

decomposition catalyst, 5,10,15,20-Tetrakis(4-sulfonatophe-
nyl)porphyrinato Iron (III), Chloride (FeTPPS), but not catalase
(Fig. 10A–H). Taken together, these data indicate that ONOO-

could be the probable species involved in mitigating enhanced
chemosensitivity of basal-like breast carcinoma on gene
knockdown or pharmacological inhibition of MnSOD (Fig. 10I).

Discussion

MnSOD expression is associated with aggressive

sub-type of breast cancer

We report here, using hierarchical clustering of microarray
data, thatMnSOD expressionwas significantly different in the
various subtypes of breast carcinoma. The Luminal breast

FIG. 5. Combination of PPARc ligand and chemotherapeutic drugs decreases cell viability: MnSOD overexpression
prevented these effects. (A) Top panel: Western blot for MnSOD expression in MDA-MB-231 cells treated with 80lM
rosiglitazone alone, 60 nM DOC alone, and in combination for 48 h. Bottom panel: Western blot for MnSOD expression in
MDA-MB-231 cells treated with 80 lM rosiglitazone alone, 0.4 lM DOX alone, and in combination for 48 h. (B) Colony
formation in soft agar of MDA-MB-231 cells treated with rosiglitazone alone, DOC alone, DOX alone, combination of
rosiglitazone, and DOC or combination of rosiglitazone and DOX respectively. (C) Colonies from (B) were counted for
rosiglitazone alone, DOC alone, and combination of rosiglitazone and DOC and presented as a percentage of control cells,
n = 3, *p< 0.05 versus control. (D) Colonies from (B) were counted for rosiglitazone alone, DOX alone, and combination of
rosiglitazone and DOX and presented as a percentage of control cells, n= 3, *p< 0.05 versus control. (E)Western blot for MDA-
MB-231 cells transfected with empty vector pcDNA3 or 2lg MnSOD plasmid. (F) Transfected MDA-MB-231 cells from (E)
were treated with 80 lM rosiglitazone, 60 nM DOC, or both for 48 h and cell viability was assessed by crystal violet assay. (G)
Transfected MDA-MB-231 cells from (E)were treated with 80lM rosiglitazone, 0.4 lM DOX, or both for 48 h, and cell number
was assessed by crystal violet assay. Results shown represent mean– SD, n = 3, *p< 0.05 versus control. (H, I) Light micros-
copy images of MDA-MB-231 cells from (F, G) under 200· magnification.
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carcinoma subtype associated with the less aggressive ER+

breast cancer phenotype had a significantly lower MnSOD
expression than the Basal/Claudin-low breast carcinoma
subtype that is often associated with the more aggressive ER-
breast cancer phenotype.

Evidence from a host of earlier studies suggested a tu-
mor suppressor role for MnSOD; however, the fact that
MnSOD is overexpressed in a variety of cancers such as
thyroid tumors, neuroblastomas, gastric and colorectal
carcinomas (9, 28, 48) argues in favor of a complex
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functional biology of this protein in the various stages of
cancer development and progression. Moreover, studies
reported elevated levels of MnSOD in estrogen-indepen-
dent breast cancer cell lines, MDA-MB-231 and BT-549,
compared with estrogen-dependent, MCF-7 and T47D and
nontumorigenic cell lines, MCF-12A and MCF-12F (33, 47).
Hence, the correlation between MnSOD expression and
tumor aggressiveness suggests the possibility of distinctly
different expression patterns for the anti-oxidant gene
depending on the stage of the tumor. This dual role of
MnSOD was recently demonstrated in a model of skin
carcinogenesis in which MnSOD expression was sup-
pressed at a very early stage but increased at a later stage
of the skin carcinoma (11). It is plausible that, similar to
the development of skin carcinoma, MnSOD may be in-
volved in the suppression of the early development of
breast cancer but an increase in MnSOD expression is re-
quired for the acquisition of a more aggressive phenotype.
Therefore, therapeutic strategies targeting MnSOD may
need to be tailored in a subtype-specific manner. For ex-
ample, the Luminal subtype might be sensitive to an in-
crease in MnSOD expression while Basal and Claudin-low
could be more susceptible to a decrease in MnSOD ex-
pression. This is further reinforced by the clinical out-
comes data demonstrating that patients from the MnSOD-
low group within the basal-like subtype may have a better
survival than patients in the MnSOD-high group. These
data provide impetus to the idea that within the basal
carcinoma subtype, MnSOD expression could be a prog-
nostic marker for poor survival. Indeed, supporting the
critical role of MnSOD expression in the survival of Basal
breast carcinoma and in agreement with a previous report
(33), silencing of MnSOD using gene-specific siRNA was
associated with a decrease in the colony-forming ability of
MBA-MD-231 and BT549 cell lines. Interestingly, a previ-
ous study showed that the expression of MnSOD was an
important factor in the response of gastric cancer cells to
5-flurouracil (26). In agreement with this article, we ob-
served a significant increase in the basal MnSOD expres-
sion in breast cancer cells that were rendered resistant to
DOX, and, more importantly, repression of MnSOD re-
stored chemosensitivity in the resistant cells.

PPARg activation: a promising approach

to down-regulate MnSOD expression

in basal breast carcinoma

Intrigued by our findings linking MnSOD expression to
chemo-resistance, we set out to search for a clinically relevant
approach to specifically decrease MnSOD expression in our
model cell lines of basal breast carcinoma. To that end, we
recently reported the presence of three putative PPREs (24) in
the human MnSOD promoter and provided experimental
evidence that human MnSOD was, indeed, a PPARc target
gene (64). Of note, among the three PPAR isoforms, PPARc
activation has been shown to inhibit the proliferation of ma-
lignant cells from different lineages such as liposarcoma (62),
breast adenocarcinoma (14, 37, 40), prostate carcinoma (36),
and colorectal carcinoma (12). Here, we present evidence that
activation of PPARc, either via its physiological ligand or on
exposure to the synthetic ligands, resulted in repression of
MnSOD in the basal type breast cancer cell lines (MDA-MB-
231 and BT-549) in vitro aswell as in aMDA-MB-231 xenograft
model. Moreover, as a ‘‘proof of concept’’ using a cohort of
diabetic patients treated with rosiglitazone, we established
that rosiglitazone treatment correlated with a low level of
MnSOD expression in the breast tumors of diabetic patients
treated with rosiglitazone. These data provide strong evi-
dence that the repression of MnSOD by PPARc activation
occurs not only in vitro, but also in vivo. Similarly, PPARc
activation-induced decrease in MnSOD significantly in-
creased chemosensitivity of the two breast cancer cell lines.
Interestingly, a previous report had demonstrated synergism
between PPARc activation and carboplatin in lung cancer
cells; however, the target and exact mechanism of the in-
creased chemosensitivity remained elusive (18, 19). Our re-
sults not only implicate MnSOD expression in the
aggressiveness of the basal type breast cancers, but also pro-
vide evidence to link the anti-tumor activity of PPARc acti-
vation to repression of this important anti-oxidant protein.

Repression of MnSOD enhances chemosensitivity

via MitoROS generation

Since MnSOD is an important anti-oxidant protein expressed
in the mitochondria, a logical explanation for these effects could

FIG. 6. Increase in MnSOD expression is associated with the development of MDA-MB-231 resistance to DOX and
DOC. (A) MDA-MB-231 wild-type and Dox-resistant (DOX-R) cells were treated with 0.2, 0.4, and 1lM of DOX for 48 h
before cell number was assessed by crystal violet assay. Results shown represent mean– SD, n= 3, *p < 0.05 versus control. (B)
MDA-MB-231 wild-type and DOC-resistant (DOC-R) cells were treated with 50, 100,, and 200 nM DOC for 48 h before cell
number was assessed by crystal violet assay. Results shown represent mean – SD, n= 3, *p < 0.05 versus control. (C) Basal
MnSOD mRNA levels in MDA-MB-231 wild-type versus DOX-R cells normalized to 18S mRNA levels Results are expressed
as fold change against wild-type MDA-MB-231. Results shown represent mean – SD, n = 3, *p< 0.05 versus control. (D) Basal
MnSOD protein levels in MDA-MB-231 wild-type versus DOX-R cells. (E) Basal MnSOD mRNA levels in MDA-MB-231 wild-
type versus DOC-R cells normalized to 18S mRNA levels. Results are expressed as fold change against wild-type MDA-MB-
231. Results shown represent mean – SD, n= 3, *p< 0.05 versus control. (F) Basal MnSOD protein levels in MDA-MB-231 wild-
type versus MDA-MB-231 DOC-R cells. (G) MDA-MB-231 DOX-R cells were transfected with ctsi or 100 nM siMnSOD. Forty
eight hours post transfection, cells were treated with 0.2, 0.4,, and 1lM DOX for 48 h before cell number was assessed by
crystal violet assay. Results shown represent mean – SD, n = 3, *p< 0.05 versus DOX-R ctsi untreated. (H) MDA-MB-231 DOC-
R cells were transfected with ctsi or 100 nM siMnSOD. Forty eight hours post transfection, cells were treated with 30 and
60 nM DOC for 48 h before cell number was assessed by crystal violet assay. Results shown represent mean– SD, n = 3,
*p< 0.05 versus DOC-R ctsi untreated. (I) MDA-MB-231 DOX-R cells were treated with 0.2, 0.4, and 1 lM DOX with and
without 6 h preincubation of 10 lM 15d-PGJ2 for 48 h before cell number was assessed by crystal violet assay. Results shown
represent mean – SD, n= 3, *p< 0.05 versus DOX-R untreated. ( J) MDA-MB-231 DOC-R cells were treated with 30 and 60nM
DOC for 48 h with and without 6 h preincubation of 10lM 15d-PGJ2 before cell number was assessed by crystal violet assay.
Results shown represent mean – SD, n= 3, *p < 0.05 versus DOC-R untreated.
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be that an altered expression of MnSOD changes the redox mi-
lieu of cells,which could explain for the varied responses to drug
treatment. Indeed, repression of MnSOD by siRNA was ac-
companied by an increase in mitochondrial O2

- production in
tumor cells but not in nontransformed cells. This difference
could be due to the Warburg effect, as cancer cells are under
intrinsic oxidative stress and require a significantly higher anti-
oxidant capacity than their normal counterparts (53). Coupled to
this is the observation that the cellular levels of a major antiox-
idant enzyme, glutathione peroxidase, are significantly lower in
tumor cells compared with normal cells (33). Thus, the intrinsic
vulnerability of tumor cells provides a window for potential
therapeutic exploitation.

Interestingly, intracellular ROS have been implicated in
PPARc-induced cytotoxicity; however, it is not entirely clear
whether the effect on intracellular ROS is linked to the tran-
scriptional activity of the active nuclear receptor or a by-
stander effect. Our results show a clear increase in
intracellular ROS as well as intra-mitochondrial O2

- pro-
duction in human breast carcinoma cell lines after exposure to
the PPARc ligands, whereas no detectable increase was ob-
served in nontransformed cells. This could be due to the sig-
nificantly lower expression of PPARc in the nontransformed
cells, thereby rendering them insensitive to low concentra-
tions of 15d-PGJ2, unlike tumor cells. This is further supported
by the insignificant change in PPARc activity when non-
transformed cells were exposed to increasing doses of 15d-
PGJ2, thus strengthening the therapeutic potential of specifi-
cally targeting tumor cells with PPARc ligands. It is worth
pointing out that Martinez et al. had previously reported a
similar effect of 15d-PGJ2 on cellular ROS generation (46).

Based on the published reports, a number of possible
mechanisms of PPARc-induced increase in intracellular
ROS have been proposed (Table 1). These reports suggest
that altering redox homeostasis to activate apoptotic path-

ways is closely associated with PPARc-induced cytotoxic-
ity. We show that not only does the expression of MnSOD
decrease on activation of the PPARc receptor (by natural or
synthetic ligands), but also the resultant increase in mito-
chondrial O2

- could be blocked by the overexpression of
MnSOD as well as by the PPARc antagonist GW9662. Most
importantly, this increase in MitoROS via repression of
MnSOD appears to be an effector mechanism in the sig-
nificant synergism observed with the combined use of
PPARc ligand and chemotherapeutic agents, DOX and
DOC. The synergism is not only in terms of increased
sensitivity to cell death, but also in an amplification of in-
tracellular ROS given that DOC and DOX are known in-
ducers of oxidative stress. A similar mechanism might
explain the observed synergy between rosiglitazone and
carboplatin in lung carcinoma, considering that carboplatin
and other platinum-based compounds trigger an increase
in MitoROS (7). Importantly, the involvement of the reac-
tive ONOO - via the reaction between mitochondria-
dependent O2

- and NO production is proposed. This
observation is further supported by the use of ROS scav-
engers Tiron and FeTPPS, which effectively attenuated the
chemosensitization caused by PPARc-induced repression or
gene knockdown of MnSOD in the basal breast carcinoma.
Similar findings implicating ONOO - as an effector mole-
cule in inducing cancer cell cytotoxicity have recently been
reported (16, 66, 71). These independent reports provide
precedence to the possible involvement of ONOO - in the
enhanced chemosensitivity of basal breast carcinoma on
targeting MnSOD expression by PPARc ligands.

Therefore, these results support the correlation between
MnSOD repression by PPARc activation, and increased oxi-
dative stress in tumor cells. It also provides an explanation for
other studies that associated MnSOD deficiencies to an in-
crease in intracellular ROS production (45, 67, 70).

FIG. 7. Down-regulation of MnSOD expression by siMnSOD or activation of PPARc induces an increase in Mi-
tochondrial reactive oxygen species (MitoROS) in tumor cells. (A) MDA-MB-231 were transfected with ctsi or 100 nM
MnSOD small-interfering RNA (siRNA). Post transfection, cells were incubated with and without 10mM N-acetyl cysteine
(NAC) for 48 h. Top panel: Western blot analysis of MnSOD protein levels. Bottom panel: Mitochondrial superoxide (O2

� - )
production was measured using MitoSOX Red assay. Results are expressed as percentage increases in arbitrary units (a.u.)
relative to ctsi. Results shown represent mean – SD, n = 3, *p< 0.05 versus ctsi. (B) Mitochondrial O2

� - was measured in MDA-
MB-231 with and without preincubation of 10mM NAC for 4 h followed by 10 lM 15d-PGJ2 treatment for 16 h using
MitoSOX Red assay. Results are expressed as percentage increases in a.u. from control. Results shown represent mean – SD,
n = 3, *p< 0.05 versus control. (C) MDA-MB-231 cells were transfected with 2lg human MnSOD plasmid or empty vector
pcDNA3. Forty eight hours post transfection, cells were treated with 10lM 15d-PGJ2 treatment for 16 h. Top panel: Western
blot analysis of MnSOD protein levels after transfection followed by 15d-PGJ2 treatment. Bottom panel: Mitochondrial O2

� -

production was measured using MitoSOX Red assay. Results are expressed as percentage increases in a.u. relative to
pcDNA3. Results shown represent mean – SD, n= 3, *p < 0.05 versus pcDNA3. (D) Top panel: Western blot of MDA-MB-231
cells transfected with empty vector pcDNA3 or 2lg MnSOD plasmid. Forty eight hours post transfection, cells were treated
with 80lM rosiglitazone for 24 h. Bottom panel: Mitochondrial O2

� - production was measured using MitoSOX Red assay.
Results shown represent mean – SD, n = 3, *p < 0.05 versus control. (E) Top panel: Western blot of MDA-MB-231 cells transfected
with empty vector pcDNA3 or 2lg MnSOD plasmid. Forty eight hours post transfection, cells were treated with 50lM
troglitazone for 24 h. Bottom panel: Mitochondrial O2

� - production was measured using MitoSOX Red assay. Results shown
represent mean – SD, n = 3, *p< 0.05 versus control. (F) Mitochondrial O2

� - production in MDA-MB-231 on 10 lM 15d-PGJ2
treatment with and without 4 h preincubation with 10 lM GW9662 was measured using MitoSOX Red assay. Results are
expressed as percentage increases in a.u. from control. Results shown represent mean – SD, n = 3, *p < 0.05 versus control. (G)
Mitochondrial O2

� - production in MDA-MB-231 on 40 and 80lM rosiglitazone treatment with and without 4 h pre-
incubation with 10lM GW9662 was measured using MitoSOX Red assay. Results are expressed as percentage increases in
a.u. relative to control. Results shown represent mean– SD, n= 3, *p < 0.05 versus control. (H) Mitochondrial O2

� - production
in MDA-MB-231 on 20 and 50lM troglitazone treatment with and without 4 h preincubation with 10lM GW9662 was
measured using MitoSOX Red assay. Results are expressed as percentage increases in a.u. relative to control. Results shown
represent mean – SD, n = 3, *p< 0.05 versus control.
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Concluding remarks

In conclusion, our study not only highlights the association
between increased MnSOD expression and an aggressive sub-
type of breast cancer, but also provides evidence for the judicious
use of PPARc agonists as chemosensitizers in this particular
subtype of breast cancer for targetedROS-mediated strategy that
warrants serious consideration in the clinical settings.

Materials and Methods

Reagents

Roswell Park Memorial Institute (RPMI) 1640 medium, Dul-
becco’s modified Eagle’s medium, phosphate-buffered saline
(PBS), fetal bovine serum (FBS), charcoal-stripped FBS, l-
glutamine, and trypsinwere purchased fromHyclone. Pepstatin
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A, phenylmethanesulfonyl fluoride (PMSF), leupeptin, propi-
dium iodide, crystal violet, 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), bovine serum albumin,
mouse anti-b-actin monoclonal antibody, DOC, DOX, catalase,
and tiron were supplied by Sigma-Aldrich. Aprotinin was pur-

chased from Applichem. Rabbit anti-HuMnSOD monoclonal
antibody was purchased from Upstate. Mouse anti-HuPPARc
and anti-Hub-actinmonoclonal antibodieswere purchased from
Santa Cruz Biotechnology. Stabilized goat anti-mouse horse-
radish peroxidase (HRP) and goat anti-rabbit HRP were

FIG. 8. Chemosensitization of MDA-MB-231 cells is dependent on down-regulation of MnSOD by PPARc activation.
(A) MDA-MB-231 cells were treated with 80 lM rosiglitazone alone, 60 nM DOC alone, or in combination for 24 h. Mi-
tochondrial O2

� - production was measured using MitoSOX Red assay. (B) MDA-MB-231 cells were treated with 80lM
rosiglitazone alone, 0.4 lM DOX alone, or in combination for 24 h. Mitochondrial O2

� - production was measured using
MitoSOX Red assay. Results shown represent mean– SD, n = 3, *p < 0.05 versus control. (C) Western blot of MDA-MB-231 cells
transfected with empty vector pcDNA3 or 2 lg MnSOD plasmid. (D) Forty eight hours post transfection, cells from (C) were
treated with 80 lM rosiglitazone and 60 nM DOC in combination for 24 h before mitochondrial O2

� - production was mea-
sured using MitoSOX Red assay. (E) Forty eight hours post transfection, cells from (C) were treated with 80 lM rosiglitazone
and 0.4 lM DOX in combination for 24 h before mitochondrial O2

� - production was measured using MitoSOX Red assay.
Results shown represent mean – SD, n= 3, *p < 0.05 versus control.

FIG. 9. Chemosensitization of MDA-MB-231 cells on down-regulation of MnSOD expression involves nitric oxide (NO)
production. (A) MDA-MB-231 were transfected with 100 nM ctsi and siMnSOD. NO production was measured using DAF
assay. Results are expressed as percentage increase in a.u. relative to ctsi. Results shown represent mean – SD, n = 3, *p < 0.05
versus ctsi. (B) MDA-MB-231 cells were treated with 80lM rosiglitazone alone, 60 nM DOC alone, or in combination for 24 h.
NO production was measured using DAF assay. (C) MDA-MB-231 cells were treated with 80lM rosiglitazone alone, 0.4 lM
DOX alone, or in combination for 24 h. NO production was measured using DAF assay. Results shown represent mean – SD,
n = 3, *p< 0.05 versus control. (D)MDA-MB-231 cells with and without preincubation of 10mMNAC for 4 h were treated with
80 lM rosiglitazone, 60 nM DOC, or both for 24 h before mitochondrial O2

� - production was measured by MitoSOX Red
assay. (E) MDA-MB-231 cells with and without preincubation of 10mM NAC for 4 h were treated with 80 lM rosiglitazone,
0.4 lM DOX, or both for 24 h before mitochondrial O2

� - production was measured by MitoSOX Red assay. (F) MDA-MB-231
cells with and without preincubation of 10mM Tiron for 4 h were treated with 80 lM rosiglitazone, 60 nM DOC, or both for
24 h before mitochondrial O2

� - production was measured by MitoSOX Red assay. (G) MDA-MB-231 cells with and without
preincubation of 10mM Tiron for 4 h were treated with 80lM rosiglitazone, 0.4 lM DOX, or both for 24 h before mito-
chondrial O2

� - production was measured by MitoSOX Red assay. (H) MDA-MB-231 cells with and without preincubation of
3000U/ml catalase for 4 h were treated with 80lM rosiglitazone, 60 nM DOC, or both for 24 h before mitochondrial O2

� -

production was measured by MitoSOX Red assay. (I) MDA-MB-231 cells with and without preincubation of 3000U/ml
catalase for 4 h were treated with 80 lM rosiglitazone, 0.4 lM DOX, or both for 24 h before mitochondrial O2

� - production
was measured by MitoSOX Red assay. Results shown represent mean – SD, n= 3, *p < 0.05 versus control.
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obtained from Pierce. Methanol and sodium dodecyl sulfate
were purchased fromMerck. Cell lysis buffer (1· ) was from BD
Pharmigen. The PPARc agonist, 15d-PGJ2 was purchased from
Alexis Biochemical. MitoSOX Red and DAF-FM reagents were
purchased fromMolecular Probes, Invitrogen.

Cell lines and culture conditions

ER-negative MDA-MB-231, MDA-MB-468, BT-549, MCF-
10A, and 184A1 breast cancer cells (American Type Culture
Collection) were used. Cells lines were routinely maintained
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in RPMI 1640 for tumor cell lines andmammary epithelial cell
growth medium for normal epithelial cell lines supplemented
with 10% FBS, 2mM l-glutamine and 0.05mg/ml gentamicin
(Cambrex Bio Science Walkersville, Inc.) in a 37�C incubator
with 5% CO2.

Western blot analysis

Western blot was performed as previously described (1).
For details, refer to Supplementary data.

RNA isolation, reverse transcription,

and real-time polymerase chain reaction

Total RNA was isolated from cells by TRIZOL reagent
(Invitrogen), as described by the manufacturer’s instructions.
Reverse-transcription reaction was carried out using ABI
PRISM 7500 (Applied Biosystems). Primers and probe for
human 18S, human PPARc, and human MnSOD were pur-
chased from Applied Biosystems (Assays on Demand). For
details, refer to Supplementary data.

Transfection

In vitro transfections were done using LipofectAMINE 2000
(Invitrogen) following the manufacturer’s protocols. For si-
lencing studies, 200 nM of MnSOD siRNA (5¢-AAAUUGCU
GCUUGUCCAAAUC-3¢) (17) or scrambled control siRNA
(5¢-AGCUUCAUAAGGCGCAUGCTT-3¢ [luciferase gene se-
quence inverted]) was transiently transfected into MDA-MB-
231 and 184A1 using LipofectAMINERNAiMAX (Invitrogen)
following the manufacturer’s protocols.

MTT assay

Cell number after drug treatment was assessed by MTT
assay as previously described (44).

Crystal violet assay

Cell number after drug treatment was assessed by crystal
violet uptake assay as previously described (1).

MitoSOX red assay

Intracellular mitochondrial O2
- production was detected via

MitoSOX Red (Invitrogen) staining as previously described (44).

DAF assay

Intracellular NO production was detected via DAF-FM
(Invitrogen) staining as per manufacturer’s instructions.

Luciferase assay

The luciferase reporter construct used was pPPRE-tk-Luc,
which contains three PPREs from rat acyl-CoA oxidase pro-
moter under the control of the Herpes simplex virus thymi-
dine kinase promoter. PPRE promoter activities were assessed
with a dual-luciferase assay kit. Bioluminescence generated
was measured using a Sirius luminometer (Berthold). The
luminescence readings obtained were normalized to the
protein content of the corresponding cell lysate.

Colony forming assay

Cells transfected with control scrambled siRNA (ctsi) and
siMnSODwere subjected toDOC andDOX treatment for 48 h.
After this, cells were trysinised and 15,000 cells per treatment
were re-seeded into 100mm dishes and left to grow for 10 to
15 days with complete medium. At the end of the assay, cells
were washed and stained with crystal violet.

Soft agar colony forming assay

Soft agar colony formation assay was performed in 96-
well plates after MnSOD siRNA transfection followed by
DOC and DOX treatment. Briefly, 5 · 103 cells were seeded
into 100ml 0.35% agarose onto the 0.5% agarose base layer.
Serum supplemented medium (100ml) containing drug
was added on the top and changed every 3 days. After 10
days, total number of colonies per well that were > 100
microns in size when viewed under a simple microscope
were counted (31). Light microscopy images were captured
under 100 · magnification.

Mouse xenograft model

To determine the in vivo activity of 15d-PGJ2, viable
MDA-MB-231 cells (1 · 107) resuspended in 100 ll Matrigel
and PBS were injected into the mammary fat pad of 6-week-
old female Balb/c nude mice (Orient Bio, Inc.). When av-
erage subcutaneous tumor volume reached 50–70mm3,
mice were assigned into two treatment groups: (i) control

FIG. 10. Chemosensitization of MDA-MB-231 cells on down-regulation of MnSOD expression is mediated by ONOO2.
(A) MDA-MB-231 cells with and without preincubation of 10mM NAC for 4 h were treated with 80 lM rosiglitazone, 60 nM
DOC, or both for 48 h before cell viability was assessed by crystal violet assay. (B) MDA-MB-231 cells with and without
preincubation of 10mM NAC for 4 h were treated with 80 lM rosiglitazone, 0.4 lM DOX, or both for 48 h before cell viability
was assessed by crystal violet assay. (C) MDA-MB-231 cells with and without preincubation of 10mM Tiron for 4 h were
treated with 80lM rosiglitazone, 60 nM DOC, or both for 48 h before cell viability was assessed by crystal violet assay. (D)
MDA-MB-231 cells with and without preincubation of 10mM Tiron for 4 h were treated with 80lM rosiglitazone, 0.4 lM
DOX, or both for 48 h before cell viability was assessed by crystal violet assay. (E) MDA-MB-231 cells with and without
preincubation of 100lM 5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrinato Iron (III), Chloride (FeTPPS) for 4 h were treated
with 80lM rosiglitazone, 60 nM DOC, or both for 48 h before cell viability was assessed by crystal violet assay. (F) MDA-MB-
231 cells with and without preincubation of 100lM FeTPPS for 4 h were treated with 80lM rosiglitazone, 0.4 lM DOX, or
both for 48 h before cell viability was assessed by crystal violet assay. (G) MDA-MB-231 cells with and without preincubation
of 3000U/ml catalase for 4 h were treated with 80lM rosiglitazone, 60 nM DOC, or both for 48 h before cell viability was
assessed by crystal violet assay. (H) MDA-MB-231 cells with and without preincubation of 3000U/ml catalase for 4 h were
treated with 80lM rosiglitazone, 0.4 lM DOX, or both for 48 h before cell viability was assessed by crystal violet assay.
Results shown represent mean– SD, n= 3, *p< 0.05 versus control. (I) Proposed model for chemosensitization of basal-like
breast carcinoma upon inhibition of MnSOD expression.

‰
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(vehicle only) and (ii) 15d-PGJ2 given at a dose of 5mg/kg
via tail vein every 3 days. Control groups were treated with
vehicle. Tumor size was measured daily with a caliper
(calculated volume = shortest diameter2 · longest diame-
ter/2). Mice were followed for tumor size and body weight
and were sacrificed on the 18th day. Tumors were resected,
weighed, and frozen or fixed in formalin and paraffin em-
bedded for IHC studies.

Clinicopathological data

The study material comprised 15 cases of mammary car-
cinoma diagnosed at or referred to National University Hos-
pital, Singapore, between 2004 and 2006 (37).

Immunohistochemistry for MnSOD

IHC detection of MnSOD antigen was done on formalin-
fixed, paraffin-embedded tumor breast tissues. Stained
sections were viewed on an Arcturus PixCell II LCM Sys-
tem. Pictures of stained sections were taken using an
Olympus camera (Model C5050). The expression status of
MnSOD was scored by following standard 4-tiered scoring
practice, ranging from 0 to + 3. For statistical analyses,
negative (0) and weak expression ( + 1) were grouped to-
gether and termed ‘low expression’ of the proteins. Mod-
erate ( + 2) and strong ( + 3) expression was termed ‘high
expression’.

Generation of DOX- and DOC-resistant cells

Generation of MDA-MB-231 DOX- and DOC-resistant cells
was carried out by exposing cells first to one-tenth of IC50 for
24 h before replacing with fresh medium. Cells were then al-
lowed to proliferate before exposure to stepwise increasing
concentrations of the drug for 24 h each time. The starting
dose of DOX used was 0.1 lM, and the dose was increased by
0.1 lM each time. The starting dose of DOC used was 10 nM,
and the dose was increased by 10 nM each time. Cells were
passaged whenever 80%–90% confluency was reached. After
4–6 weeks, cell viability assay was carried out on parental
(drug sensitive) and drug-resistant cell lines to measure fold
resistance.

Data preprocessing of TCGA and affymetrix

breast cancer data

Invasive ductal breast cancer data were downloaded from
TCGA (http://cancergenome.nih.gov/). For this study, we
included all 536 available breast tumor gene expression data
at the time that the analysis was initiated in October 2011. The
data are on Agilent custom gene expression microarray
G4502A_07. The data were imported to Partek� Genomics
Suite 6.6, where the log ratio of gene expression value was
quantile normalized for further analysis.

Breast cancer data on Affymetrix U133A or U133Plus2
platforms were downloaded from Array Express and GEO.
The panel of human breast cancer data utilized for analysis
comprises 3992 tumor samples from 26 cohorts (22). Robust
Multichip Average normalization was performed on each
dataset. The normalized data were combined and subse-
quently standardized using ComBat (29) to remove batch
effect.

Identification of breast cancer subtypes

Breast cancer subtype signature was obtained from Prat
et al., 2010 (57). Subsequently, ssGSEA (65) was computed
based on the breast cancer subtype signature for each sample.
Each samplewas then assigned to be the subtype underwhich
it has the maximum ssGSEA score.

Statistical analysis

Statistical analysis was performed using paired Student’s t-
test. A p-value of < 0.05 was considered significant. Statistical
significance evaluation by Mann–Whitney test and Spearman
correlation test were computed using Matlab�. Dot plot and
Kaplan–Meier analysis were done using Graphpad Prism.
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GEO¼ gene expression omnibus
H2O2 ¼hydrogen peroxide
HR¼hazard ratio
IHC¼ immunohistochemical

MnSOD¼manganese superoxide dismutase
MTT¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NAC¼N-acetyl cysteine
NO¼nitric oxide
O2

�-
¼ superoxide anion

�OH¼hydroxyl radical
ONOO-

¼peroxynitrite
PBS¼phosphate buffered saline

PMSF¼phenylmethanesulfonyl fluoride
PPARc¼peroxisome proliferator-activated receptor

gamma
PPRE¼peroxisome proliferator response element
ROS¼ reactive oxygen species

siRNA¼ small-interfering ribonucleic acid
ssGSEA¼ single-sample geneset enrichment analysis
TCGA¼ the cancer genome atlas
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