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Estrogen controls the survival of BRCA1-deficient cells
via a PI3K-NRF2-requlated pathway
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Mutations in the tumor suppressor BRCA1 predispose women to
breast and ovarian cancers. The mechanism underlying the tissue-
specific nature of BRCA1's tumor suppression is obscure. We pre-
viously showed that the antioxidant pathway regulated by the
transcription factor NRF2 is defective in BRCA1-deficient cells.
Reactivation of NRF2 through silencing of its negative regulator
KEAP1 permitted the survival of BRCA1-null cells. Here we show
that estrogen (E2) increases the expression of NRF2-dependent
antioxidant genes in various E2-responsive cell types. Like NRF2
accumulation triggered by oxidative stress, E2-induced NRF2 accu-
mulation depends on phosphatidylinositol 3-kinase-AKT activa-
tion. Pretreatment of mammary epithelial cells (MECs) with the
phosphatidylinositol 3-kinase inhibitor BKM120 abolishes the ca-
pacity of E2 to increase NRF2 protein and transcriptional activity. In
vivo the survival defect of BRCA1-deficient MECs is rescued by the
rise in E2 levels associated with pregnancy. Furthermore, exoge-
nous E2 administration stimulates the growth of BRCA1-deficient
mammary tumors in the fat pads of male mice. Our work elucidates
the basis of the tissue specificity of BRCA1-related tumor predispo-
sition, and explains why oophorectomy significantly reduces breast
cancer risk and recurrence in women carrying BRCA1 mutations.

breast cancer | reactive oxygen species | hormones | PTEN

RCAI mutations promote tumor formation almost exclu-
sively in hormone-responsive tissues such as breast and ovary
(1). It has been proposed that the steroid hormone estrogen (E2)
increases the survival of BRCAI1-deficient cells in these tissues, fa-
voring tumorigenesis (2). However, why BRCA1-mutated breast and
ovarian epithelial cells have a survival advantage remains unclear.
E2 regulates cell differentiation, growth, and survival in a
broad range of human tissues. The most abundant and potent E2
circulating in the body is 17p-estradiol. In its classical mechanism
of action, E2 diffuses into the cells and binds to two nuclear E2
receptors (ERs), ERa and ERp, which act as transcription factors
and influence gene expression (3). Nonclassical mechanisms in-
volve E2 binding to plasma membrane-associated ER proteins.
An example of the latter is the phosphatidylinositol 3-kinase (PI3K)
that is known to mediate E2-induced cell survival and proliferation
(4). In female mice, E2 administration activates PI3K in ovarian
granulosa cells (5). In vitro, E2 treatment of ER* MCF7 human
breast cancer cells stimulates the serine/threonine-protein kinase,
AKT, and leads to increased glucose uptake (6) and cell cycle
progression (7). E2-induced AKT activation is also involved in
axonal growth and neuronal morphogenesis (8). PI3K-AKT
activation in response to growth factors potentiates ERa tran-
scriptional activity (9, 10), suggesting positive cross-talk between
E2 and the PI3K-AKT pathway. Clinical studies in ER* breast
cancer patients have shown that PI3BK-AKT activation underlies
acquired resistance to anti-E2 or tamoxifen treatment (11). In-
deed, clinicians are investigating if PI3K inhibitors can reverse
anti-E2 resistance (12, 13).

4472-4477 | PNAS | March 25,2014 | vol. 111 | no. 12

Mouse studies have demonstrated that NRF2-regulated antiox-
idant response contributes to proliferative and mitogenic signals
downstream of AKT (14). Indeed, deletion in the phosphatase and
tensin homolog gene Pren potentiates the induction of antioxidant
gene expression by NRF2 (14). In addition to detoxification of
reactive oxygen species (ROS), AKT-regulated NRF2 controls the
transcription of metabolic genes involved in the pentose phosphate
pathway, de novo nucleotide synthesis, and the production of nic-
otinamide adenine dinucleotide phosphate (14). In a previous study
(15) we showed that E2 regulates NRF2 protein levels in BRCAI-
deficient mammary epithelial cells (MECs) in a manner indepen-
dent of ROS induction. Given the above findings, we therefore
attempted to elucidate the mechanism by which E2 regulates
NRF2. Here we show that E2 controls the NRF2 antioxidant
pathway through PI3K-AKT activation, and that E2s sustain the
survival of BRCA1-deficient MECs in vivo. Our data suggest that
E2- and PI3K-AKT-mediated control of the NRF2 antioxidant
response allows both normal and malignant BRCA1-deficient
cells to survive, and so is an important component of BRCA1-
related tumorigenesis.

Results

E2 Induces NRF2-Regulated Antioxidant Response. We previously
reported that E2 controls NRF2 levels and activity in ER*

Significance

Our establishment of a connection between the phosphatidyli-
nositol 3-kinase (PI3K) and NRF2 pathways provides the basis for
the tissue specificity of BRCA1-related cancers. Because BRCA1 is
a vital component of the intracellular machinery maintaining ge-
nomic stability, BRCA1 functions as a major tumor suppressor in
cells of all types. However, BRCA1-related cancers occur over-
whelmingly in breasts and ovaries. Our work demonstrates that
estrogen (E2) acts via the PI3K-AKT pathway to regulate NRF2
activation in BRCA1-deficient cells, resulting in the induction of
antioxidant genes that protect the cell from reactive oxygen
species-induced death. BRCA1-deficient cells are thus allowed
to survive and may accumulate mutations, such as loss of PTEN,
that perpetuate NRF2 activation. Our work supports the
emerging clinical strategy of treating BRCA1-related cancers
with PI3K inhibitors.
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Fig. 1. E2 induces the expression of NRF2-regulated antioxidant genes in
various cell types. Cultured pMECs were treated with 10 nM E2 for the indicated
times and mRNA levels of GCLM (A) and HMOXT (B) were assessed by RT-PCR.
Con, control (no E2). Results are the mean + SD of biological triplicates nor-
malized to mouse rpS9 and expressed relative to the level in untreated cells
(set to 1). Cultured PC-3 cells were stimulated with 10 nM E2 for 4 h and mRNA
levels of GCLM (C), HMOXT1 (D), and NQOT (E) were analyzed as in A. WT
mouse primary B cells were treated with LPS plus IL-4 before stimulation with
10 nM E2 for 2 or 4 h, and mRNA levels of NQO17 (F) and HMOX1 (G) were
analyzed as in A. For all experiments, results are representative of at least
three trials. Error bars illustrate standard error. *P < 0.05 and **P < 0.01.

immortalized mouse MECs, HC11, and the ER* human breast
cancer cell line MCF7 (15). To extend these observations, we
treated primary MECs (pMECs) from the mammary glands of
young female mice with E2 and analyzed NRF2 activity. NRF2
target genes, glutamate-cysteine ligase, modifier subunit (GCLM)
and heme oxygenase 1 (HMOX1), were up-regulated in E2-treated
PMEG:s after 4 h (Fig. 1 4 and B), confirming E2’s ability to
induce the NRF2 activation.

In addition to affecting breast and ovary tissue, E2 regulates the
growth, differentiation, and functions of nonreproductive tissues
such as the prostate gland and the immune system (16). mRNA
levels of GCLM, HMOX1, and NAD(P)H:quinone oxidoreductase
1 (NQOI) increased after 4-h treatment with E2 in the prostate
cancer cell line PC3 (Fig. 1 C-E). Similarly, E2-treated wild-type
(WT) mouse primary B cells showed elevated NQOI and HMOX1
mRNA levels compared with controls (Fig. 1 F and G). Analysis of
publicly available microarray profiling of E2-treated MCF7 cells
(17) revealed the up-regulation of several other ROS-related genes
(Fig. S1 and Table S1). These data indicate that E2 can trigger the
NRF2-regulated antioxidant response in a wide range of cell types,
and that E2 may induce multiple ROS-regulating pathways.

Oxidative Stress Induces NRF2 Through the PI3K-AKT Pathway. Pre-
vious work has implicated the PI3K-AKT pathway in NRF2 reg-
ulation (14). To investigate this connection upon oxidative stress,
we pretreated (or not) mouse immortalized MECs COMMA-1D
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and HCI11 cells with the PI3K inhibitor BKM120 (BKM; 1 uM),
which is a highly specific class I PI3K inhibitor (18). We then
treated these cells with 250 pM diamide, a thiol-oxidizing agent
that oxidizes reduced glutathione and causes ROS accumulation
(19). Diamide alone significantly up-regulated HMOXI in both
COMMA-1D and HCI11 cells and marginally GCLM in COMMA-
1D cells but in all cases BKM blocked this induction (Fig. 2 A-C).
ROS levels were increased by diamide and further elevated by
BKM (Fig. 2D). Apoptosis was marginally but significantly in-
creased by BKM (Fig. 2F). Immunoblotting demonstrated that
AKT and its downstream target, ribosomal protein S6, were phos-
phorylated after diamide, but BKM impaired this phosphorylation
(Fig. 2F). These findings confirm that AKT is activated upon oxi-
dative stress, presumably because of inactivation of the AKT neg-
ative regulator PTEN by oxidation (20-22), and that oxidative stress
and PI3K signaling are linked to NRF2 activation in MECs.

E2-Induced NRF2 Response Involves PI3K. We next sought to investi-
gate if the PI3K-AKT pathway was also involved in NRF2 regulation
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Fig. 2. Diamide induces an NRF2-regulated antioxidant response through the
PI3K-AKT pathway. COMMA-1D (A and B) or HC11 (C) cells were pretreated
(or not; Con) with the PI3K inhibitor BKM120 (BKM; 1 pM) before the addition
of diamide (Dia; 250 pM). mRNA levels of HMOXT1 (A and C) and GCLM (B)
were analyzed as in Fig. 1A. (D) Intracellular ROS levels in HC11 cells treated as
in C were measured as described in Materials and Methods. (E) Apoptosis was
measured in HC11 cells treated as in C. Data are expressed as fold change of
untreated cells (Con) and are the mean + SD of n = 3 trials. (F) Western blot to
detect phospho-AKT and phospho-S6 proteins in HC11 cells treated as in C.
Actin, loading control. Error bars illustrate standard error. *P < 0.05 and **P < 0.01.
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Fig. 3.

E2 triggers an NRF2-regulated antioxidant response through the PI3K-AKT pathway. (A) Western blot to detect NRF2, phospho-AKT, phospho-S6, and DJ-

1 proteins in HC11 cells pretreated (or not; Con) with BKM before the addition of 10 nM E2 for 2 or 4 h, as indicated. Actin, loading control. (B) HC11 cells were
treated as in A and GCLM and NRF2 mRNA levels were determined by RT-PCR as for Fig. 1A. Expression of NRF2 (C) and GREB1 (D) were analyzed in E2-treated
HC11 at different time points as indicated. (E) Subcellular analysis of NRF2 protein in E2-treated HC11 after 2 and 4 h. USF2, nuclear fraction marker. DJ-1,
cytoplasmic fraction marker. Vinculin, loading control. (F) Western blot to detect NRF2 protein in WAPcre-PTEN mammary tumor cells infected in vitro with
empty vector (EV), or vector reconstituting WT PTEN (PTEN), and treated (or not; Con) with 10 nM E2 for 4 h. GAPDH, loading control. Error bars illustrate

standard error. *P < 0.05.

by E2. We E2-starved HC11 cells, pretreated them (or not) with
BKM, and then stimulated them with 10 nM E2 for 2 or 4 h.
NREF2 protein accumulated at 4 h post-E2 but to a much lesser
extent than in BKM-pretreated cells (Fig. 34). Accordingly, AKT
was progressively phosphorylated at threonine 308 (indicating
activation) (23) in response to E2, but this phosphorylation was
significantly inhibited by BKM (Fig. 34). A similar effect was
observed for ribosomal protein S6 phosphorylation (Fig. 34). In-
terestingly, E2 up-regulated DJ-1 in a PI3K-dependent manner
(Fig. 34). We and others have shown that DJ-1 is a cancer- and
Parkinson disease-associated protein that negatively regulates
PTEN, thereby promoting AKT activation (24, 25) and protects
cells from oxidative stress (26, 27) by controlling mitochondrial
functions (28, 29) and stabilizing NRF2 (30).

BKM blocked NRF2 transcriptional activity, as judged by in-
hibition of E2-induced up-regulation of GCLM mRNA (Fig.
3B). However, NRF2 mRNA levels were not affected by either
E2 or BKM (Fig. 3C). We further analyzed NRF2 mRNA ex-
pression at multiple time points of E2. Whereas the expression of
GREBI, a known E2-responsive gene (31) significantly increased
over time, NRF2 mRNA was not strongly induced, beside a
marginal increase at 2 h (Fig. S2). Instead, we found that E2
controlled NRF2 nuclear levels by subcellular fractionation of
E2-treated HC11 cells (Fig. 3C). NRF2 accumulation was due to
de novo translation as assessed by pretreating E2-stimulated cells
with protein synthesis inhibitor, cycloheximide (Fig. 3D). This
result prompted us to investigate the role of mTOR that has
been shown to promote NRF?2 function (32, 33). Indeed, mTOR

4474 | www.pnas.org/cgi/doi/10.1073/pnas.1324136111

inhibition by rapamycin reduced NRF2 accumulation and S6
phosphorylation in E2-stimulated HC11 cells (Fig. 3E).

Recent data have shown that hyperactivated oncogenic PI3K-
AKT signaling regulates NRF2 (14). We used a mouse tumor
cell line derived from a primary mammary tumor spontaneously
originated in a WAPcre-PTEN"' female mouse. In these mice,
Cre recombinase is expressed in mammary gland secretory epi-
thelial cells of pregnant and lactating female mice under the con-
trol of the whey acidic protein (Wap) promoter (34). We then used
stable viral vector infection in vitro to reconstitute WT PTEN ex-
pression in these cells (35). Paired empty vector (EV), PTEN-
deficient cells and WT PTEN-expressing tumor cells were E2-
starved and stimulated with E2. Immunoblotting revealed that E2
stimulation significantly increased NRF2 protein levels in EV cells
but not in cells with functional WT PTEN (Fig. 3D). These findings
support our hypothesis that E2 regulates NRF2 protein levels and
activity in a PI3BK-mTOR-dependent manner. In B cells, E2 stim-
ulation did not induce AKT phosphorylation and DJ-1 accumula-
tion (Fig. S3), indicating that E2-PI3K signaling is primarily active
in MECs.

E2 Sustains the Survival of BRCA1-Deficient Cells. In our previous
study (15) we showed that E2-induced NRF2 accumulation com-
pensated for low NRF2 protein levels in BRCA1-null MECs, and
that NRF2 activation was crucial for the survival of these
cells. To determine if E2 sustains the survival of BRCA1-null
cells, we first measured apoptosis in E2-stimulated HCI11 cells
transfected with either nontargeting siRNA (scrambled) or mouse

Gorrini et al.
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Fig. 4. E2 promotes the survival of both normal and malignant BRCA1-
deficient MEGCs. (A) HC11 cells were transfected with scrambled or BRCA1-
specific (BRCA1si) siRNA oligomers as described in Materials and Methods. At
24 h posttransfection, cells were stimulated (or not; Con) with 10 nM E2 for
4 h and apoptosis was measured by AnnexinV staining. Results are mean +
SD (n = 3). *P < 0.05. (B) pMECs isolated from KLuc”* or KB1#fLuc”* donor
mice were transplanted into 21-wk-old recipient female mice (n = 3 per
group). At 1 wk posttransplantation, n = 3 female mice that had received
KB1#Luc* pMECs were bred to a WT male and became pregnant. At 8 wk
posttransplantation, in vivo luciferase activity in outgrowths derived from
the implanted pMECs was determined by IVIS. (C) Male and female mice
were injected in fat pads with KBP cells (n = 3-5 per group) and injected s.c.
in the neck with a pellet containing vehicle or 0.72 mg E2. Tumor cell growth
was monitored for 30 d and palpable tumor diameters were measured.
Datapoints are single tumors in individual mice. Horizontal lines are geo-
metric means + SD.

BRCAI-specific siRNA (BRCALlsi). AnnexinV/7-AAD staining
revealed that 4-h E2 treatment rescued early apoptosis
(AnnexinV* cells) in BRCA1-null cells (Fig. 44). We then iso-
lated pMECs from Kl4cre BRCA17"LUC"" female reporter
mice (15) and implanted them in the precleared fat pads of nor-
mal young females. At 8 wk posttransplantation, luciferase signals
of mammary outgrowths were scored by in vivo imaging system
(IVIS). BRCA1-null cells failed to reconstitute a functional mam-
mary gland in nulliparous recipients but gave rise to luciferase-
positive outgrowths in pregnant females (Fig. 4B). This suggests that
the E2-rich environment of a pregnant mouse sustained survival
of BRCA1-deficient pMECs.

Although BRCA1l-mutated tumors are considered ER™,
mouse and human studies have shown that these tumors are still
responsive to E2 (36-39). To investigate this response, we injected
mammary tumor cells from Kl4cre BRCA17p537 (KBP) mice
(40) into the fat pads of normal female and male mice. Pellets
containing either vehicle or .72 mg E2 were s.c. implanted in the
necks of these animals and tumor cell growth was monitored. In
vehicle-treated males, KBP tumor cells grew poorly compared
with the same cells injected into females (Fig. 4C). However, E2
treatment increased KBP growth in female mice and rescued KBP
survival in males (Fig. 4C). Our results show that E2 has a pow-
erful positive effect on the survival of both BRCA1-deficient
normal and tumor cells.

Gorrini et al.

Discussion

Our study has delineated a strong relationship between PI3K
signaling and the NRF2-regulated antioxidant response in MECs.
These two pathways are interconnected during responses to either
oxidative stress or E2 stimulation. In both cases, we found that
PI3K activation is required for efficient NRF2 target gene tran-
scription (Figs. 2 and 3). Upon oxidative stress, failure to activate
NRF2 due to PI3K inhibition resulted in ROS accumulation and
increased cell death (Fig. 2). Upon E2 treatment, NRF2 pro-
tein accumulated and drove gene expression contributing to
PI3K-driven survival (Fig. 3). E2 controls NRF2 translation
(Fig. 3D). Interestingly, activation of the mammalian target of
rapamycin (mTOR) is involved in E2-induced NRF2 regula-
tion (Fig. 3E).

Our study indicates that ROS control mediated by the NRF2
antioxidant response contributes to AKT-stimulated mitogenic
and survival programs. It is now clear that ROS are not simply
by-stander products of metabolic reactions but exert myriad
functions with important implications for tumor development (41).
Antioxidant pathways can promote tumorigenesis by supporting
tumor cell survival (42, 43). Therefore, tumor cells can be elimi-
nated by targeting their mechanism of antioxidant adaptation (44).

Our results indicate that NRF2 has an oncogenic role in
BRCA1-associated tumorigenesis. We previously showed that
BRCALI interacts with NRF2, that BRCAl-deficient cells accu-
mulate ROS as a result of a defective NRF2 response, and that
NRF?2 reactivation rescues cell survival (15). E2 is a key com-
ponent of this survival pathway, because E2-regulated NRF2
compensates for the lack of an antioxidant response in the
absence of BRCAL. Here we show that the PI3K-AKT path-
way is another crucial step in NRF2 regulation, and that it is
PI3K activation that mediates the capacity of E2 to trigger the
NRF2 antioxidant response. Indeed, in response to E2, mouse
mammary tumor cells lacking PTEN show both hyperactivated
AKT and stimulated NRF2. Significantly, PTEN mutations are
very frequent in BRCAl-mutated tumors (45), and the resulting
PIBK-AKT hyperactivation sustains the growth of these cancers
(46). For this reason, PI3K inhibitors are currently undergoing
preclinical and clinical study as promising therapeutic agents
for BRCAl-mutated tumors (47, 48).

Accumulating evidence suggests that E2 plays a significant role
in the etiology and treatment of BRCAl-related cancers despite
the lack of ER expression by these tumors. First, BRCAl-related
tumors are largely restricted to hormone-responsive tissues, such as
those of the breast and ovary (49). Second, oophorectomy signifi-
cantly reduces breast cancer risk and recurrence in carriers of
BRCA1 mutations (36-38). Third, proliferation of premalignant
BRCA1-deficient cells in a BRCA1 knockout mouse model is
E2-dependent (39). Lastly, ER is a substrate of BRCA1 ubiquitin
ligase activity, suggesting that ER accumulation may drive pro-
liferation of breast and ovary tissues in the absence of BRCAL1 (50).

Our work in the present study has bolstered these findings by
showing that E2, NRF2, PI3K, and BRCAL are all intricately
linked during BRCA1-related tumorigenesis. Our results suggest
the following model (Fig. 5): where BRCA1 somatic loss in
heterozygous carriers of BRCA1 mutations has differential effects
depending on the tissue. In tissues that do not provide an E2-
rich environment, BRCA1 deficiency impairs NRF2 antioxidant
signaling, leading to increased ROSs that kill BRCA1-deficient
cells. However, in breasts and ovaries, E2 protects BRCA1-
deficient cells from oxidative stress-induced death by activat-
ing NRF2 via a mechanism that depends on PI3K-AKT. If a
BRCA1l-deficient cell loses PTEN function, the PI3K-AKT
pathway may be further stimulated and thus reinforce E2-mediated
NREF?2 signaling. Mitogenic and antioxidant pathways acting down-
stream of AKT, coupled with the genomic instability caused by
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Fig. 5. Model of the role of NRF2 regulation in BRCA1-associated tumori-
genesis. See detailed description in the Discussion.

a lack of BRCA1-mediated DNA repair, will eventually result in
malignant transformation of BRCA1-null cells.

In conclusion, we have shown that E2 regulates the NRF2
antioxidant response via a PI3K-AKT-regulated signaling path-
way that may involve DJ-1 and mTOR (Fig. 3). We have also
demonstrated that E2 is important for controlling the survival of
both normal and malignant BRCA1-deficient cells (Fig. 4). Our
work provides a rationale for the use of PI3K inhibitors in the
treatment of BRCA1l-mutated tumors, because these inhibitors
should block NRF2 activity in BRCA1-deficient cells, thereby
increasing ROS and promoting cell death.

Materials and Methods

Mice. K14cre transgenic mice and p53 conditional knockout mice were from
A. Berns [Netherlands Cancer Institute (NKI), Amsterdam] (51). Brcal condi-
tional knockout mice were from J. Jonkers (NKI) (40). Luciferase-expressing
transgenic mice were from the Jackson Laboratory (52). For mammary gland
studies and in vivo E2 studies, mice were treated as described (15, 53). For
xenograft studies, mammary tumor cells were implanted into the fat pads of
WT mice. All mouse protocols were approved by the Animal Care and Use
Committee of the University Health Network (Toronto).

Mouse pMECs and Fat Pad Transplantation. Mouse pMECs obtained by disso-
ciating the left and right inguinal mammary glands of KLuc”* or KB1#fLuc®*
female mice were maintained in culture, processed for transplantation, and
tracked by IVIS as described (15). Shortly after transplantation, three recipient
females were bred with a male and became pregnant. Luciferase signals were
assessed as soon as pregnancy become evident at ~10 d postmating.

Tumor Xenografts. Cells were isolated from a mammary tumor originating in
a K14cre BRCA17p53™ female mouse after disruption of tumor tissue with
collagenase. Cells were maintained in DMEM/F12 medium containing 10%
FBS, L-glutamine, 1 pg/mL hydrocortisone (Sigma), 5 pg/mL insulin (Sigma),
and 5 ng/mL epidermal growth factor (Sigma) as pMECs in a humidified
tissue culture incubator with 3% oxygen. After a few weeks in culture, tu-
mor cells became immortalized (KBP cell line). KBP cells (1.5 x 10°) were
injected into the fat pads of WT mice and a pellet containing either vehicle
or E2 (0.72 mg, 90-d release from Innovative Research of America) was si-
multaneously introduced s.c. into the neck. Tumor growth was monitored
daily and palpable tumor diameters were measured with a caliper.

Cell Lines and Culture Conditions. COMMA-1D, HC11, and MC7 cells were
obtained and maintained as described (15, 53). Human PC-3 cells were from
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American Tissue Culture Collection. WAPcre-PTEN cells were obtained and
treated as described (35). Primary B cells were isolated from WT FVB mice
with a Miltenyi Biotech B-cell isolation kit and immediately processed for E2
stimulation in RPM1, 10% FBS, and L-glutamine. IgM Ig was used at 20 pg/mL.

For E2 experiments, MCF7, HC11, B cells, or pMECs were maintained for
2-3 d in their respective culture media (phenol red-free) supplemented with
10% charcoal-filtered FBS. Ten nanomolars of 17p-estradiol (E2; Sigma) were
added to E2-starved cultures for 2 or 4 h. Rapamycin (100 nM) and BKM
(1 uM) [gifts from V. Stambolic (Ontario Cancer Institute, Toronto)] were
added 1 h prior E2 and kept during E2 treatment. Cycloheximide (25 uM) was
added 30 min before E2 and kept in the media. To induce oxidative stress,
cells were treated for 2 h with 250 uM diamide (Sigma).

RT-PCR. RNA was isolated and processed by quantitative RT-PCR as de-
scribed (15). Data were normalized to mouse ribosomal rpS9 and human
ribosomal rps18.

AnnexinV-7-AAD Staining. Cells were stained with FITC-conjugated AnnexinV
plus 7-AAD for 15 min at room temperature in 1x AnnexinV binding buffer
(10 mM Hepes-sodium hydroxide, pH 7.4, 140 mM NaCl, 2.5 mM CacCl,). All
reagents were from BD Biosciences. Cells were analyzed by BD FACSCalibur
flow cytometer immediately after staining.

Intracellular ROS Staining. Cells were incubated with 300 nM dichloro-dihy-
dro-fluorescein diacetate (DCF-DA) (C6827; Invitrogen) for 10 min at 37 °C.
After two washes in PBS-1x, DCF-DA fluorescence was analyzed using a FACS
Canto flow cytometer (BD Biosciences) and FlowJo software. Mean fluores-
cence values (FL-1 for DCF-DA) were displayed as histogram overlays using
the %Max option, which scaled each population curve to mode equal to
100% on the y axis and log10 FL-1 (DCF-DA) fluorescence intensity on the
X axis.

siRNA Transfection. HC11 cells (10°) in six-well plates were transfected with
100 pmol of nontargeting scrambled siRNA (p-001810-10; Dharmacon) or
siRNA targeting mouse Brca1 (.-040545-00; Dharmacon) using Lipofectamine
2000. Transfection medium was removed after 5 h and cells were cultured
for an additional 48 h in E2-starving media before experiments.

Subcellular Fractionation. HC11 cells were E2-starved and stimulated with E2
for 2 and 4 h. Cellular cytoplasmic and nuclear fractions were obtained by
using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo-Scien-
tific) according to the manufacturer’s instructions. Twenty micrograms of
lysate from each fraction were processed by Western blotting.

Western Blotting. Cells were lysed in RIPA buffer (150 mM NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) on ice for 15
min, sonicated, and centrifuged at 13,000 x g for 15 min. The protein content
of supernatants was measured by BCA assay (Pierce). Thirty micrograms of
protein samples were fractionated by reducing 4-12% SDS/PAGE, trans-
ferred to PVDF membranes, and incubated overnight with the following
primary antibodies: anti-NRF2 (kindly provided by E. Schmidt, Montana State
University), anti-pAKT-T308 (catalog no. 2965; Cell Signaling), anti-pAKT-
S437 (catalog no. 4058; Cell Signaling), anti-pS6-5235/236 (catalog no. 2215;
Cell Signaling), and anti-B-actin (Abcam) and anti-vinculin (Abcam). Anti-
body against DJ-1 was generated as described (54). Primary antibodies were
detected using HRP-conjugated secondary antibodies to rabbit 1gG (GE
Healthcare). Immunocomplexes were visualized using enhanced luminol-
based chemiluminescent (GE Healthcare). When required, immunoblots
were quantified by ImageJ 1.45 software (55).

Gene Microarray. To examine the alterations to the transcription of genes
encoding oxidative stress pathway-related proteins, we constructed an expanded
gene set by aggregating previously published experimentally and manually
defined datasets. Using the Broad Institute Molecular Signatures Database
(www.broadinstitute.org/gsea/msigdb/index.jsp), we conducted searches using
the term “oxidative” and combined the following gene sets: CHUANG_
OXIDATIVE_STRESS_RESPONSE_DN, CHUANG_OXIDATIVE_STRESS_RESPONSE_UP,
KEGG_OXIDATIVE_PHOSPHORYLATION, WEIGEL_OXIDATIVE_STRESS_RESPONSE,
WEIGEL_OXIDATIVE_STRESS_BY_TBH_AND_H202, WEIGEL_OXIDATIVE_STRESS_
BY_HNE_AND_TBH, WEIGEL_OXIDATIVE_STRESS_BY_HNE_AND_H202, and
RESPONSE_TO_OXIDATIVE_STRESS.

Redundant entries were removed from the resulting list and differential
expression of the remaining genes was investigated in gene expression data
obtained from the National Center for Biotechnology Information Gene
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Expression Omnibus database (accession no. GSE11324). The raw probe in-
tensity (.CEL) files were downloaded and processed with a custom chip
definition file (.CDF) to update the probe annotations (56). Data were
background-corrected, normalized, and summarized using the robust mul-
tiarray average algorithm (57) as implemented in the R statistical language
(http://r-project.org). The difference in gene expression level between un-
treated and E2-treated cells was assessed using the Linea Models for Micro-
array Data (LIMMA) method (58) implemented using the LIMMA package in
the R language. Genes for which the false discovery rate was below 5%
were considered differentially expressed at a statistically significant level.
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The significant Gene Ontology biological process clusters were obtained
with the Web-based tool DAVID (59).

Statistical Analyses. Unless otherwise indicated, results were reported as the
mean + SD. The two-sided independent Student t test without equal variance
assumption was used to determine P values *P < 0.05 and **P < 0.01.
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