
Manganese superoxide dismutase promotes anoikis
resistance and tumor metastasis
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Normal cells require adhesion to extracellular matrix for survival. Cell detachment causes a drastic increase in reactive oxygen
species (ROS) that promotes anoikis. In the present study, we observed that upon detachment from matrix, human mammary
epithelial cells strongly upregulate manganese superoxide dismutase (MnSOD, or SOD2), a principal mitochondrial antioxidant
enzyme that detoxifies ROS through dismutation of superoxide. Induction of MnSOD by cell detachment is dependent on the
NFjB transcription factor. Detachment of mammary epithelial cells potently increases mitochondrial superoxide levels, which
are further elevated by depletion of MnSOD in suspended cells. Consequently, cells depleted of MnSOD are hypersensitive to
matrix detachment and exhibit increased anoikis. These results suggest that detachment-induced MnSOD counters
mitochondrial superoxide accumulation and confers anoikis resistance. Taken together with our previous finding that detached
cells evade excessive ROS production by attenuating oxidative metabolism of glucose, we conclude that mammary epithelial
cells coordinate their responses to detachment through increasing MnSOD and decreasing ROS generation from mitochondrial
glucose oxidation, thereby mitigating anoikis. Anoikis is a barrier to tumor metastasis. Indeed, MnSOD expression is elevated in
human breast cancer metastases compared with primary tumors. Expression of MnSOD correlates with histologic tumor grades
in human cancer and contributes to cancer cell’s resistance to anoikis. Our study suggests that inhibition of ROS detoxification
coupled with stimulation of glucose oxidative metabolism may be an efficient strategy to enhance anoikis and block metastasis.
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In normal tissues, adhesion to extracellular matrix (ECM)
components activates intracellular pro-survival signaling
pathways. Disruption of this cell-matrix contact induces a
type of apoptosis termed as anoikis.1 Mitochondria have a
central role in the induction of anoikis. Mitochondrial inter-
membranous space (IMS) contains a number of key pro-
apoptotic factors, such as cytochrome c, which trigger
apoptosis if released into the cytosol. Cell detachment causes
upregulation and translocation of several BH3-only proteins
(e.g., BMF and BIM) to mitochondria, where they activate the
pro-apoptotic BCL-2 family members BAK and BAX to
stimulate mitochondrial outer-membrane permeabilization
(MOMP) that facilitates the release of IMS apoptogenic
factors.1,2 In addition, cells detached from matrix markedly
increase the amount of reactive oxygen species (ROS) in
mitochondria.3 While low levels of ROS activate various
signaling pathways, excessive ROS can irreversibly damage
cellular macromolecules and cause cell death (including
apoptosis). ROS may activate intrinsic mitochondrial apopto-
tic pathway in part through lipid peroxidation. Cytochrome c is
normally retained to the mitochondrial inner membrane due to

its association with cardiolipin, amitochondria-specific anionic
phospholipid. ROS peroxidate cardiolipin, resulting in dis-
sociation and liberation of cytochrome c,4 which may then
freely diffuse through porous mitochondrial outer membrane
(as a consequence of MOMP). Therefore, matrix detachment
leads to efficient release of pro-apoptotic factors from the
mitochondrial IMS to the cytosol, and consequently, activation
of the caspase cascade and apoptosis.
Consistent with the pro-anoikis activity of ROS, treatment

with a variety of antioxidants suppresses anoikis,3,5 supports
anchorage-independent cell growth/survival in soft agar, and
delays luminal clearance during acinar morphogenesis
in vitro.6 However, the role of ROS in cell viability has been
controversial. It was reported that when suspended cells
attach to ECM, the adhesion process induces a transient burst
of ROS, which in turn activate signaling pathways that inhibit
apoptosis.7 It was thus suggested that ROS may instead
confer pro-survival activity and resistance to anoikis.7 While
the discrepancy is likely attributed to different cellular contexts
used in these studies (e.g., detachment versus attachment),
nevertheless, the cellular effect of oxidative stress depends
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on the level of ROS and cell’s capacity to respond to and cope
with ROS.
Mitochondria are a major source of intracellular ROS.

Under physiological conditions, ROS are constantly gener-
ated as by-products of aerobic metabolism in the mitochon-
dria.8 During mitochondrial respiration, the tricarboxylic acid
(TCA) cycle produces reducing equivalents that are the
source for electrons. Electron transfer between mitochondrial
electron transport complexes establishes a proton gradient for
ATP synthesis. However, electrons can escape from the
electron transport chain, and react with oxygen molecule to
form superoxide anion, the first member in a plethora of ROS.
Approximately 1–5% of the total oxygen consumed during
normal respiration is converted to superoxide radicals.
Superoxide is highly reactive and toxic. Superoxide can also
react with nitric oxide, another free radical formed by
mitochondrial nitric oxide synthase, to generate the highly
reactive peroxynitrite. These ROS can inflict severe damage
to mitochondrial lipids, proteins, and nucleic acids. To counter
the deleterious effect of ROS, cells are equipped with
antioxidant systems to detoxify ROS and prevent them from
accumulating at high concentrations.9 The mitochondria-
located manganese superoxide dismutase (MnSOD, or
SOD2) efficiently converts superoxide to the less reactive
hydrogen peroxide that may break down further into water and
dioxygen by other enzymatic and non-enzymatic antioxi-
dants.9 In general, the balance between the production and
elimination of ROS leads to homeostasis. Because super-
oxide primarily arises from mitochondria, mitochondrial
MnSOD has a pivotal role in detoxification of ROS.
We and others recently discovered that following matrix

detachment, untransformed human mammary epithelial cells
robustly upregulate pyruvate dehydrogenase (PDH) kinase 4
(PDK4) to inhibit PDH and attenuate the flux of glycolytic
carbon to the TCA cycle.5,10We further demonstrated that this
metabolic response reduces mitochondrial respiration-asso-
ciated generation of ROS. Depletion of PDK4 or forced
activation of PDH augments oxygen consumption and ROS
production in suspended cells, leading to increased anoikis.5

Therefore, detached cells reprogram glucose metabolism to
evade excessive ROS production, thereby alleviating anoikis.
The findings illustrate metabolic modulation of anoikis and
reinforce the vital role of oxidative stress in anoikis.
Because MnSOD is the principal antioxidant enzyme that

detoxifies mitochondrial ROS, we hereby examined its

potential involvement in anoikis. We found when detached
from matrix, human mammary epithelial cells strongly
upregulate MnSOD via the NFkB transcription factor to
reduce oxidative stress and acquire anoikis resistance.
Depletion of MnSOD leads to increased accumulation of
mitochondrial superoxide in suspended mammary epithelial
cells, and enhances anoikis. Therefore, in response to matrix
detachment, cells activate two parallel programs: (1) attenua-
tion of oxidative metabolism of glucose to decrease mitochon-
drial ROS production5 and (2) enhancement of antioxidant
capacity to detoxify ROS, which allow them to lower oxidative
stress and prolong survival in suspension. Elevated expres-
sion ofMnSOD is associated with advanced tumor grades and
breast cancer metastasis, supporting its role in anoikis
resistance and tumor progression.

Results

Induction of MnSOD by matrix detachment in mammary
epithelial cells. Given the importance of mitochondrial ROS
in anoikis and MnSOD in ROS detoxification, we decided to
examine the potential significance of MnSOD in cells
detached from matrix. We compared MnSOD expression in
cells under attached and suspension culture conditions. Both
primary human mammary epithelial cells (HMECs) and
MCF10A mammary epithelial cell line remarkably upregu-
lated MnSOD RNA levels upon detachment (Figure 1a).
Induction of MnSOD was evident by 12 and 6 h after
suspension of HMECs and MCF10A cells, respectively
(Figures 1b and c). Based on this time course, MnSOD
seems to be induced more rapidly than PDK4 following cell
detachment.5 These observations demonstrate that human
mammary epithelial cells increase expression of the MnSOD
antioxidant enzyme in response to matrix detachment.

NFjB is essential for induction of MnSOD upon cell
detachment from ECM. The mechanism by which MnSOD
was activated in suspended cells was unknown. Because we
previously identified the estrogen-related receptor (ERRg) as
the main activating factor for the strong induction of PDK4 by
matrix detachment,5 we tested if induction of MnSOD was
also dependent on ERRg. In ERRg-depleted MCF10A cells,
MnSOD was still potently induced following cell detachment
(Supplementary Figure S1A), which is in contrast to PDK4

Figure 1 Matrix detachment induces MnSOD in mammary epithelial cells. (a) Quantitative RT-PCR for MnSOD in HMEC and MCF10A cells under attached (Att) and
suspended (Susp) conditions after overnight incubation, (b) time course of MnSOD induction measured by quantitative RT-PCR in HMEC suspended cells, and (c) induction of
MnSOD in MCF10A suspended cells at the indicated time points
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(ref. 5). Indeed, induction of MnSOD was even more robust
in ERRg-depleted cells than that in control cells
(Supplementary Figure S1A). Similar induction of MnSOD
was observed in PDK4-depleted cells (not shown), suggest-
ing that induction of MnSOD by ECM detachment is not
dependent on activation of the ERRg-PDK4 axis.
Transcription of MnSOD is known to be directly activated by

several transcription factors under constitutive or stress
conditions.11 The forkhead domain transcription factor
FOXO3a can bind to the promoter region of MnSOD and
activate its expression.12 Matrix attachment activates the PI3
kinase pathway,1 which inhibits FOXO3a. Therefore,
FOXO3a is likely to be activated by cell detachment. However,
we observed that induction of MnSOD following detachment
was not impaired in FOXO3a-depleted cells (Supplementary
Figure S1B), suggesting that FOXO3a is not required for
activation of MnSOD in suspended cells.
The NFkB family of transcription factors is well-established

transcriptional regulators of MnSOD.11 Moreover, NFkB was
shown to be activated following cell detachment: matrix
detachment caused phosphorylation and degradation of IkBa
(a negative regulator of NFkB), and consequently nuclear
translocation of p65 (also known as RelA) and subsequent
transcriptional activation of downstream target genes.13 We
tested whether NFkB is responsible for induction of MnSOD in
detached cells. MCF10A cells were transduced with lentiviral
short-hairpin RNA (shRNA) targeting p65. Quantitative RT-
PCR confirmed efficient knockdown of p65 in both attached
and suspended cells (Figure 2a), even though unexpectedly,
p65 was also upregulated when MCF10A cells were cultured
in suspension (Figure 2a).We then examined the effect of p65
knockdown on induction of MnSOD by matrix detachment. In
adherent cells, depletion of p65 did not influence the basal
levels of MnSOD RNA (Figure 2b), implying that NFkB is
probably not activated in MCF10A cells under attached
condition. When cells were detached, induction of MnSOD
in p65-depleted cells was substantially impaired compared
with control cells (Figure 2b). This result suggests that NFkB,
which is activated by cell detachment, is the primary activator
that drives MnSOD expression in suspended cells.

Depletion of MnSOD sensitizes mammary epithelial
cells to anoikis. It is imperative to elucidate the significance
of MnSOD upregulation in response to cell detachment.

MnSOD was depleted in MCF10A cells using retroviral
shRNA and the knockdown efficiency was confirmed by
western blotting. Consistent with induction of MnSOD RNA
(Figure 1), MnSOD protein levels increased when cells were
detached (Figure 3a). The shRNA efficiently reduced
MnSOD protein levels in cells under attached and detached
conditions (Figure 3a).
We then investigated the effect of MnSOD depletion on

anoikis. Overall cell viability was determined by Trypan Blue
exclusion assay. While depletion of MnSOD exhibited little
effect on cell viability in attached cells (Figure 3b), it caused
significantly more cell death when cells were under suspen-
sion conditions (Figure 3b). To verify if the increased cell
death was attributed to apoptosis, we measured caspase 3/7
activity and performed phycoerythrin (PE) Annexin V/7-AAD
staining analysis. Under attached conditions, both control
cells and MnSOD-depleted cells displayed low caspase 3/7
activity (Figure 3c). When detached, control cells showed
strong induction of caspase activity, and depletion of MnSOD
further enhanced this induction (Figure 3c). In the Annexin V
analysis, compared with control cells, MnSOD-depleted cells
exhibited elevated apoptosis when detached from matrix
(Figures 3d and e). No significant increase in apoptosis was
observed in MnSOD-depleted MCF10A cells under adherent
culture condition. Therefore, depletion of MnSOD enhances
anoikis. Collectively, these findings suggest that induction of
MnSOD in response to matrix detachment protects sus-
pended cells from apoptosis.

Depletion of MnSOD results in accumulation of mito-
chondrial superoxide in detached cells. MnSOD cata-
lyzes the conversion of the highly reactive and unstable
superoxide anion in mitochondria to less reactive and more
stable hydrogen peroxide, a critical step in ROS detoxifica-
tion. Because depletion of MnSOD enhances anoikis, we
expect it is likely due to increased accumulation of
mitochondrial superoxide. To verify this idea, we measured
mitochondrial superoxide levels using MitoSOX.
When MCF10A cells were detached, there was a marked

increase in the amount of mitochondrial superoxide (Figures
4a and b). Compared with control cells, MnSOD-depleted
cells slightly increased superoxide levels under attached
conditions, but accumulated significantly more superoxide in
mitochondria when detached (Figures 4a and b). This

Figure 2 Depletion of NFkB undermines MnSOD induction in suspended MCF10A cells. MCF10A cells were transduced with a lentiviral empty vector (EV) or shRNA
targeting p65 (shp65) and cultured under attached (Att) and suspended (Susp) conditions for 24 h. (a) Quantitative RT-PCR measurement for p65 in MCF10A cells under
attached (Att) and suspended (Susp) conditions and (b) quantitative RT-PCR measurement for MnSOD in MCF10A cells under attached (Att) and suspended (Susp)
conditions. Error bars represent standard deviation
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observation validates that matrix detachment-induced
MnSOD diminishes the level of mitochondrial superoxide
generated by the detachment process.
Consistent with the essential role of NFkB in activation of

MnSOD following cell detachment (Figure 2), p65-depleted
cells also displayed higher mitochondrial superoxide levels
than control cells under suspension culture conditions
(Figures 4a and b). Together, these findings suggest that in
response to matrix detachment, cells activate the NFkB-
MnSOD axis to detoxify mitochondrial ROS that are induced
by detachment (Figure 5a). Depletion of MnSOD or NFkB
increases the toxic superoxide free radical in suspended cells,
thereby sensitizing cells to anoikis.

MnSOD depletion and PDK inhibition collaboratively
enhance anoikis. In addition to activation of NFkB-MnSOD
upon cell detachment, we recently observed that detached
mammary epithelial cells upregulate the ERRg-PDK4
pathway to attenuate PDH activity and oxidative metabolism

of glycolysis-derived pyruvate.5 This metabolic response
enables suspended cells to avoid excessive ROS generation
and acquire resistance to anoikis.5 Therefore, detached cells
manage to contain ROS levels by reducing mitochondrial
ROS production and concomitantly increasing antioxidant
capacity to detoxify ROS (Figure 5a). These responses
endow cells with prolonged viability in suspension.
We asked whether simultaneous interruption of these two

pathways may lead to a synergistic effect on anoikis.
Dichloroacetate (DCA) is a weak inhibitor of PDKs, and can
modestly shift pyruvatemetabolism from lactate to acetyl-CoA
by activation of PDH.14,15 This action leads to increased
oxygen consumption and accompanied generation of ROS.
DCA treatment alone had limited influence on anoikis in
MCF10A cells, however, it strongly stimulated anoikis in
MnSOD-depleted cells (Figure 5b). Therefore, these results
suggest that increased oxidative metabolism of glucose and
decreased antioxidant capacity cooperatively accelerate
anoikis in mammary epithelial cells.

Figure 3 Depletion of MnSOD enhances anoikis in MCF10A cells. MCF10A cells were transduced with a retroviral vector (EV) or shRNA targeting MnSOD (shMnSOD)
and cultured under attached (Att) and suspended (Susp) conditions for 24 h. (a) Western blotting of MnSOD depletion in MCF10A cells under attached and suspended
conditions. a-Tubulin was used as a loading control. (b) Trypan blue exclusion assay of cell viability in control and MnSOD-depleted MCF10A cells under attached and
suspended conditions. (c) Measurement of caspase 3/7 activity in control and MnSOD-depleted MCF10A cells. (d) Fluorescence-activated cell sorting analysis of Annexin V/7-
AAD staining in control and MnSOD-depleted MCF10A cells. The x-axes show Annexin V staining, and Y-axes show 7-AAD staining. (e) Statistics of total apoptotic cells based
on the Annexin V/7-AAD analysis. Error bars represent standard deviations
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Figure 4 Depletion of MnSOD or p65 escalates accumulation of mitochondrial superoxide in suspended MCF10A cells. Empty vector (EV), shRNA targeting MnSOD
(shMnSOD), and shRNA targeting p65 (shp65) are cultured under attached (Att) or suspended (Susp) conditions for 24 h, incubated with 5 mMMitosox red for 30min at 37 1C
incubator, trypsinized, washed with PBS, and ran samples on flow cytometry with 488 nm excitation to measure oxidized Mitosox red in the FL2 and FL3 channels. Collected
10,000 events per sample. (a) Mitosox red measurement in EV, shMnSOD, and shp65, and (b) statistics of mean intensity of Mitosox red based on the analysis
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MnSOD in human cancer progression. Resistance
to anoikis is a prerequisite for metastasis. Given MnSOD’s
anti-anoikis activity, we examined its expression in human
breast cancer samples by immunohistochemistry to
investigate its potential implication in tumor progression.
We observed that isolated, migrating cancer cells at
the invasive front of primary tumor exhibited higher
MnSOD expression than those inside the tumor mass
(Figure 6a). We then compared MnSOD levels in primary
tumors and matched lymph-node metastases. Both micro-
metastasis and established macrometastatic tumor cells
showed elevated levels of MnSOD as compared with
their corresponding primary tumors (Figures 6b and c,
respectively). Moreover, metastases displayed higher per-
centage of MnSOD positivity than primary breast tumors
(Supplementary Figure S2).
We further analyzed microarray gene expression data sets

that typically contain much more cancer samples. The
GSE3494 data set included primary breast tumor samples
from a cohort of 315 women with clinico-pathological
characteristics such as tumor grade, p53 mutation and
nuclear hormone receptor status.16 We found that high
MnSOD expression evidently correlated with advanced tumor
grade, and overlapped with other poor prognostic markers
such as p53 mutation as well as negative status of estrogen
receptor (ER) and progesterone receptor (PgR) (Figure 7a).

To determine whether MnSOD might have prognostic value,
we compared MnSOD expression and patient survival by
univariate analysis. Patients grouped into the high-expression
tertile had significantly shorter disease-specific survival than
the low-expression group (Figure 7b). These results suggest
that MnSOD is associated with tumor progression and is a
predictor of poor prognosis.
To confirm that MnSOD contributes to anoikis resistance

in cancer cells, we depleted MnSOD in MDA-MB-435
cancer cells which express relatively high levels of MnSOD.
Depletion of MnSOD had no notable effect on cells under
attached condition. Unlike control cells whose viability was
unaffected by matrix detachment, MnSOD-depleted
cancer cells exhibited increased cell death when detached
(Figure 7c), suggesting that cancer cell’s resistance to
anoikis is in part attributable to MnSOD. DCA treatment alone
also restored some anoikis in cancer cells, and caused more
death of detached cells when combined with depletion of
MnSOD (Figure 7c).

Discussion

Normal cells rely on adhesion to appropriate ECM for survival
and loss of this adhesion induces anoikis.1 Matrix detachment
increases oxidative stress that has a critical role in anoikis
induction.3 In the present study, we show that upon cell

Figure 5 Matrix detachment activates NFkB- and ERRg-dependent transcription programs to induce MnSOD and inhibit mitochondrial oxidative metabolism of glucose,
respectively. (a) Schematic of metabolic reprogramming by activation of ERRg-PDK4 and antioxidant modulation by activation of the NFkB-MnSOD pathway in untransformed
mammary epithelial cells following matrix detachment. (b) Depletion of MnSOD and inhibition of PDKs collectively enhances anoikis in MCF10A cells. MCF10A cells
transduced with empty vector (EV) or shRNA targeting MnSOD (shMnSOD) are cultured with or without 5mM DCA under attached and suspended conditions for 24 h followed
by Trypan blue exclusion assay of cell viability and measurement of caspase 3/7 activity
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detachment, untransformed human mammary epithelial
cells upregulate MnSOD, a key enzyme to detoxify mitochon-
drial ROS. Induction of MnSOD by detachment allows
cells to remove mitochondrial superoxide and survive
longer in suspension. Depletion of MnSOD sensitizes
cells to anoikis. Therefore, MnSOD acts as a negative
modulator of anoikis. ROS are normally produced in
mitochondria during aerobic metabolism due to ineffective
electron transport. We recently discovered that detached
cells attenuate oxidative metabolism of glucose to reduce
the associated generation of ROS.5 Taken together, in
response to matrix detachment, cells activate at least two
parallel programs – increasing ROS-scavenging capacity
and decreasing mitochondrial oxidative metabolism – to
counter cellular oxidative stress generated by detachment
and thus delay anoikis (Figure 5a).
We have found that upregulation of MnSOD in detached

cells depends on NFkB, which is activated by matrix
detachment,13 although the underlying mechanism is not fully
understood. NFkB is known to be activated by ROS.17

Because matrix detachment robustly increases mitochondrial
ROS levels in endothelial cells3 and in mammary epithelial
cells (Figure 4), a likely scenario is that matrix detachment
increases cellular ROS levels, leading to activation of the
NFkB pathway, which in turn induces MnSOD expression to
scavenge ROS. Therefore, activation of NFkB-MnSOD
functions as an inducible, negative feedback mechanism to
control ROS levels in suspended cells. NFkB has well-
established pro-survival activity. Inhibition of NFkB results in
accelerated apoptosis in suspended cells.13 Similarly, deple-
tion of MnSOD enhances anoikis (Figure 3), suggesting that
MnSOD may be an essential mediator of NFkB’s pro-survival
activity in suspended cells.
Anoikis resistance is essential for tumor metastasis.18

Resistance to anoikis enables adherent cells to survive under
suspension condition and at ectopic sites where the matrix
components are different from those the cells originally
contact. The anti-anoikis activity implicates MnSOD in tumor
metastatic progression. While expression of MnSOD may
vary during cancer development (depending on the type and

Figure 6 Expression of MnSOD in human breast cancer. (a) Migrating cancer cells (indicated by arrows) show stronger MnSOD staining than tumor cells in primary tumor
mass (upper left corner). (b) A small cluster of tumor cells (micrometastasis) in lymph node (right) exhibits higher MnSOD expression than cells in matched primary tumor (left).
(c) Tumor cells in established lymph-node macrometastasis (right) display increased MnSOD expression compared with those in matched primary tumor (left)
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stage), accumulating evidence shows that MnSOD levels in
human cancer often correlate with the degree of malig-
nancy.19 In our analysis of human breast cancer, elevated
expression of MnSOD is observed in invading and metastatic
tumor cells (Figure 6) as compared with matched primary
tumors, and is significantly associated with advanced histo-
logical grades, negative status of hormone receptors, mutated
p53, as well as poor prognosis (Figures 7a and b). The pro-
survival effect of MnSOD may also promote resistance to
chemo- and radiation-therapies that exert cytotoxic effects in
part by inducing oxidative damage.20,21

Cancerous tissues were reported to produce increased
amounts of ROS.22 Low levels of ROS activate signaling
molecules/pathways (including Src, PI3K, NFkB, and HIF)
that may increase cell proliferation and survival under mild
oxidative conditions, and contribute to cellular transforma-
tion.23 By contrast, high ROS content above that required for
signalingmay cause overwhelming oxidative damage that can
culminate in senescence or death in both normal and cancer
cells. Indeed, common cancer therapies may kill cancer cells
by promoting oxidative stress.9 To cope with high oxidative
stress, cancer cells develop enhanced antioxidant sys-
tems.9,24 The pro-malignant potential of antioxidants has
been increasingly recognized. Besides MnSOD, other impor-
tant cellular antioxidants (e.g., thioredoxin, glutaredoxin, and
peroxiredoxin) are upregulated in some cancer cells.25 The
transcription factor Nrf2-dependent antioxidant program is
often activated in human cancer due to somatic mutations and
is essential for tumorigenesis in vivo.26,27 Indeed, we found
that like MnSOD, NRF2 also confers anoikis resistance

(Supplementary Figure S3). Consistent with these observa-
tions, when used as dietary supplements, antioxidants appear
to have an adverse effect on the cancer incidence28 and
protect tumor cells against therapy.29

In addition to enhanced antioxidant capacity, most cancer
cells exhibit altered glucose metabolism with a preference for
aerobic glycolysis (known as the Warburg effect).30 Many
malignant cells metabolize glucose via pyruvate preferentially
to lactate instead to CO2 and H2O through mitochondrial
oxidative metabolism even in the presence of oxygen. We
recently showed that the Warburg metabolic phenotype
allows cancer cells to evade excessive ROS generation
associated with mitochondrial respiration and acquire a
survival advantage when detached, thereby contributing to
anoikis resistance.5 In the wake of these findings, a combina-
tion treatment to pharmacologically target cell’s capacity of
ROS detoxification9,31 and normalize glucose metabolism
(e.g., activation of PDH) may maximally provoke oxidative
stress in cancer cells, which may represent an effective
strategy to lower the threshold for apoptosis, restore anoikis
sensitivity, and reduce metastasis and therapy resistance.

Materials and Methods
Cells and reagents. MCF10A (human mammary epithelial cell line) and
HMECs were cultured in Dulbecco’ modified Eagle medium (DMEM)/F-12 medium
(Cellgro, Manassas, VA, USA) supplemented with 5% horse serum (Sigma,
St Louis, MO, USA), 20 ng/ml epidermal growth factor (EGF; Sigma), 10 mg/ml
insulin (Sigma), and 0.5mg/ml hydrocortisone (Sigma). All assays in untrans-
formed cells and HMECs were performed 24 h after incubation under attached and
suspended conditions unless otherwise noted. DCA was purchased from Sigma.

Figure 7 Expression and function of MnSOD in human cancer. (a) Elevated expression of MnSOD (high: red; low: green) is associated with high Elston-Ellis grades of the
tumors (high: red; medium: pink; low: blue), negative status of progesterone receptor (PgR) and estrogen receptor (ER) (negative: yellow), and p53 mutation (mutation:
yellow). The microarray data GSE3494 was downloaded from the Gene Expression Omnibus. MnSOD RNA levels were detected by two indicated cDNA probes. (b) MnSOD
inversely correlates with 10-year patient survival. (c) Depletion of MnSOD in MDA-MB-435 human cancer cells restores their sensitivity to matrix detachment
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RNA isolation and quantitative RT-PCR. Total RNA isolation from
cells grown under attached and suspended conditions was carried out with TRIzol
(Invitrogen, Grand Island, NY, USA), following manufacturer’s protocol. For
quantitative reverse transcription-polymerase chain reaction (RT-PCR), cDNA was
synthesized using Moloney murine leukemia virus (M-MuLV) reverse transcriptase
with random primers. Real-time PCR was performed with SYBR green PCR mix
(Applied Biosystems, Foster City, CA, USA). The PCR cycling conditions were as
follows: 40 cycles of 30 s at 95 1C, 30 s at 60 1C, and 30 s at 72 1C. b-Actin was
used for normalization. Error bars represent standard deviations (n¼ 3). PDK
expression under attached conditions was set as 1.
The primers used for the MnSOD, p65, ERRg, FOXO3a, and b-actin were the

following MnSOD, forward, 50-TACGTGAACAACCTGAAC-30, and reverse, 50-TAT
CTGGGCTGTAACATCT-30; ERRg, forward, 50-TCTTGCTAATTCAGACTCCAT-30,
and reverse, 50-GCAGTGTCATCAGCATCTTG-30; FOXO3a, forward, 50-CTGAAC
TCCCTACGCCAGTC-30, and reverse, 50-GAGTCCGAAGTGAGCAGGTC-30

(ref. 32); b-actin, forward, 50-AGAAAATCTGGCACCACACC-30, and reverse,
50-AGAGG CGTACAGGGATAGCA-30.

Depletion of MnSOD, p65, ERRc, FOXO3a, and NRF2 by
retroviral and lentiviral shRNA transduction. MnSOD gene was
depleted in MCF10A by retroviral transduction using the MSCV-LMP vector
(OpenBiosystems, Waltham, MA, USA). The shRNA targeting sequence for
MnSOD was 22 mer 50-AAGGAACAACAGGCCTTATTCC-30 (ref. 33). Lentiviral
shRNAs targeting ERRg, FOXO3a, NRF2, and p65 were obtained from
OpenBiosystems. The ERRg shRNA target sequence was 50-CAGTGGGAGCTA-
CAGTT CA-30 (ref. 34).

Trypan blue exclusion assay and caspase 3/7 activity assay.
Cell viability was determined using 0.4% Trypan blue dye in a hemacytometer.
Dead cells were stained blue. The caspase 3/7 assay was performed using
Caspase 3/7 Glo assay kit from Promega, Madison, WI, USA. Cells were lysed in
hypertonic buffer (HTB; 10mM HEPES (pH 7.9), 1.5 mM MgCl2, 10mM KCl,
adding 0.2 mM phenylmethylsulfonyl fluoride (PMSF); 0.5 M DTT freshly added
before use). The protein concentration of samples was measured using the BCA
kit (Pierce, Rockford, IL, USA). Aliquots of 75–100mg of protein was loaded in
each of the 96-well microplates, and the caspase 3/7 assay was performed
following manufacturer’s instructions.

Annexin V/7-AAD analysis. Annexin V/7-AAD was performed as
previously described.5 A total of 1� 105 cells were washed twice with PBS,
followed by staining with PE-Annexin V and 7-AAD for 15min at room
temperature, following manufacturer’s instruction. Cells were analyzed within
an hour using Becton Dickson’s Facsort apparatus (Franklin Lakes, NJ, USA).
CellQuest software (BD Biosciences, San Jose, CA, USA) was used to analyze
the data as an [FL2H, FL3H] log-scale two-dimensional diagram.

MitoSOX Red analysis. Cells were grown under attached and suspended
culture conditions. After 24 h of incubation, the cells were incubated with 5mM
Mitosox Red dye for 30min at 37 1C incubator avoiding light exposure.
Later, cells were trypsinized, washed with PBS and resuspended at 1� 107

cells per ml. The cells were placed in FACS tube at a concentration of 5� 106

cells per 100 ml and diluted to a final volume of 500ml with FACS binding buffer.
Using 488 nm excitation, the samples were run on flow cytometry to measure
oxidized Mitosox Red in the FL2 and FL3 channels. Each sample was collected
using 10 000 events.

Immunohistochemistry. Formalin-fixed paraffin-embedded human breast
cancer sections were deparaffinized, rehydrated, and stained with primary
antibodies (1 : 500, anti-MnSOD2 sc-30080; Santa Cruz, Dallas, TX, USA). After
incubating with the specific HRP-conjugated secondary antibody, DAB was
applied to the tissue. Sections were counterstained with hematoxylin. Positively
stained cells were counted in three high power field areas (� 100 oil immersion) in
each breast section. No staining was observed in tissues incubated with PBS as
negative control. Paired T-test was employed for statistics.
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