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Germ-line mutations in the tumor suppressor
gene BRCA1 increase the lifetime risk for
breast cancer and ovarian cancer by up to
∼80% and ∼50%, respectively. Population-
based studies also support a sex- and tis-
sue-specific tumor suppressor function of
BRCA1, but the mechanisms of this speci-
ficity are not fully understood. Somatic loss
of the normal functioning allele in BRCA1
carriers is common in cancer development
and additional somatic events, including
mutations of PTEN and TP53, occur at high
frequencies (detailed below). Research over
the last two decades has described the role of
the ubiquitously expressed BRCA1 in main-
taining genomic stability through its function
in DNA repair and cell cycle checkpoint con-
trol, in addition to its activity as a transcrip-
tional regulator. In PNAS, Gorrini et al. shed
light on the specificity of BRCA1’s tumor
suppressor function in breast tissue. The
authors identify an estrogen-induced pathway
that promotes the survival of BRCA1-defi-
cient mammary epithelial cells (MECs), as
well as Brca1-deficient mammary tumor cells
from oxidative stress-induced cell death (1).
Oxidative stress plays important roles in

cancer development and treatment (2). The
NRF2-mediated antioxidant response path-
way is the primary cellular defense against
the cytotoxic effects of oxidative stress. Pre-
viously, Gorrini et al. showed how BRCA1
regulated the oxidative stress response
through interaction with the NRF2 tran-
scription factor to promote NRF2 stability
and activation (3). Loss of BRCA1 resulted
in defective NRF2 activation and reduced
expression of NRF2-regulated antioxidant
enzymes, leading to accumulation of reac-
tive oxygen species (ROS) and cell death.
Gorrini et al. now show that estrogen indu-
ces NRF2-regulated antioxidant genes in
various cell types, likely through multiple
pathways. They demonstrate that PI3 ki-
nase activity is required, as treatment with
a small molecular inhibitor of PI3K compro-
mised expression of NRF2-regulated antiox-
idant genes. It is well established that PTEN
mutations occur frequently in BRCA1-asso-
ciated breast tumors (4, 5), prompting in-
vestigation into whether this pathway is
involved in NRF2 regulation by estrogen.
The researchers’ experiments with a PI3 ki-
nase inhibitor and Pten-deficient mammary

tumor cells indeed established a link be-
tween estrogen and the PTEN/PI3K path-
way in the up-regulation of NRF2 (Fig. 1A).
Importantly, estrogen was found to reduce
cell death caused by BRCA1 knockdown. It
was shown previously that Cre-mediated de-
letion of Brca1 in mouse mammary glands
resulted in widespread apoptosis of MECs
(6, 7). Similarly, Brca1 exon 11-deficient
MECs failed to expand when transplanted
into female mice. Gorrini et al. show that
pregnancy, which dramatically up-regulates
estrogen and progesterone with subsequent
induction of prolactin (8), promotes prolif-
eration of these cells. To confirm the im-
portance of estrogen in Brca1-associated
tumor development, Gorrini et al. injected
Brca1/p53-deficient mammary tumor cells
into the fat pads of female and male mice.
Tumor cells grew poorly in the male mice
as expected. Implantation of an estrogen-
releasing pellet into the recipient mice fur-
ther promoted tumor cell growth in the
female mice. Estrogen also stimulated pro-
liferation of the tumor cells in the male
mice, resulting in dramatic tumor growth.
Thus, the presence of elevated serum estro-
gen was sufficient to overcome the sex
specificity of Brca1-associated tumorigene-
sis in this experimental setting.
BRCA1 and 53BP1 play key roles in DNA

double-strand break repair pathway choice
(9). BRCA1 binds to satellite DNA and ubiq-
uitinates histone 2A at satellite repeats,
resulting in heterochromatin formation
and transcriptional repression (10). These
findings highlight BRCA1’s roles in geno-
mic integrity protection and transcriptional
regulation but provides insufficient expla-
nation for its tissue-specific tumor suppres-
sion function. The ovarian steroid hormones
estrogen and progesterone, acting through
their respective receptors, are essential for
breast development and are linked to breast
carcinogenesis (8). BRCA1 is known to impact
ovarian steroid hormone function in multiple
ways, including repression of estrogen syn-
thesis (11), modulation of estrogen receptor
α (ERα) and progesterone receptor (PR) ac-
tivity, and regulation of PR stability (7).
Estrogens are synthesized from androgens

by the granulosa cells in the ovary. When
ovarian function declines with menopause,
serum estrogens and local estrogens are

generated from the conversion of andro-
gens by the aromatase enzyme in various
tissues (Fig. 1B). In postmenopausal women,
the decline of ovarian function leads to sig-
nificant reductions in both serum estrogen
and progesterone. However, the fat pad that
surrounds the mammary tissue continues to
provide estrogen locally (Fig. 1B). Thus, there
are estrogens available for the initiation of the

Fig. 1. (A) Model for NRF2 regulation in BRCA1-
associated tumorigenesis. In breast tissue, estrogen
induces NRF2 activation through the PI3K/AKT path-
way in BRCA1-deficient cells and protects them from
ROS-induced cell death. (B) Major estrogen sources in
humans and mice. Red arrow indicates major tissue
source of estrogen in premenopausal women. (C )
Paracrine signaling in the mammary gland. In response
to estrogen and progesterone, paracrine mediators
promote the proliferation and differentiation of stem/
progenitor cells, as well as ERα-/PR-negative luminal
epithelial cells.
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PI3K/Akt/NRF2 signaling pathways demon-
strated by Gorrini et al. (1). Interestingly,
BRCA1 represses expression of aromatase
(11). Aromatase levels are elevated and serum
estrogens are increased not only in mice car-
rying homozygous mutations of Brca1 in
granulosa cells, but also in heterozygous
mutants. The heterozygous mutant mice
are likely to mimic human carriers in terms
of aromatase activity in the granulosa cells
(12). Intriguingly, an increase in serum es-
tradiol and progesterone levels in postmeno-
pausal BRCA1/BRCA2 carriers was reported
recently (13). The increased steroid hormone
levels are likely to promote proliferation of
breast epithelial cells. Although the mecha-
nisms leading to the increase in circulating
estrogen and progesterone are not completely
clear, particularly the dramatic elevation in
serum progesterone, these findings may of-
fer some explanation for the increased breast
and ovarian cancer risk in these women.
Several studies demonstrate that BRCA1

exerts transcriptional repression on ERα
through estrogen-independent and -depen-
dent mechanisms in cell lines and in Brca1
mouse models (7). In addition to modu-
lation of ERα activities, PR is stabilized in
Brca1-deficient MECs, in part due to re-
duced GSK-3 activity and GSK-3–mediated
phosphorylation of PR (14). Expression
of PR is subject to transcriptional regulation
by ERα. Thus, as noted above, BRCA1 af-
fects ovarian steroid hormone signaling not
only by altering hormone levels, but also
through regulation of receptor expression
and stability.
BRCA1 influences mammary cell fate de-

termination as demonstrated by in vitro stud-
ies, fine analyses of mouse models, and
characterization of various epithelial cell
populations in breast tissue from BRCA1
mutation carriers. Earlier studies showed that
depletion of BRCA1 impairs differentia-
tion of mammary epithelial cells in vitro
(15). Interestingly, BRCA1 is required for
the differentiation of ERα-negative stem/
progenitor cells, and loss of heterozygosity
of BRCA1 is found in lobules that consist
of entirely ERα- and PR-negative undif-
ferentiated cells in women with germ-line
BRCA1 mutations (16). The effects of
BRCA1 on cell fate are found not only in
cells harboring homozygous mutations of
BRCA1 but also in cells carrying one WT
allele. Several reports show an increase of
luminal progenitor cells and suggest that
these are likely to be the cells of origin of
BRCA1-associated breast cancer in BRCA1
carriers (17). Importantly, Cre-mediated de-
letion of Brca1 in the luminal progenitor
cells, but not in the basal stem cells, leads
to tumors that phenocopy human BRCA1-

associated breast cancers. Mechanistically,
BRCA1 haploinsufficiency biases luminal
cells toward a basal-like fate through aberrant
expression of SLUG, a zinc finger-containing
transcription factor involved in epithelial-to-
mesenchymal transformation that is likely
to have a negative impact on epithelial dif-
ferentiation (18). In addition to cell-intrinsic
actions, ERα and PR also act in a paracrine
fashion to promote cell proliferation and dif-
ferentiation of ERα-/PR-negative stem/pro-
genitor cells and luminal epithelial cells
(Fig. 1C). Amphiregulin, FGF, Wnts, and
Rankl were shown to mediate the paracrine
actions of ERα and PR (8). Recent elegant
experiments using transgenic mouse models
and antibody blockade demonstrated how
steroid hormones influence the expansion
and differentiation of steroid hormone recep-
tor-negative mammary progenitor cells (19).
With BRCA1’s regulatory roles in estrogen
biosynthesis, activation of ERα, and the signal
pathway described by Gorrini et al. (1), a sce-
nario emerges in which an increase in the
serum and/or local estrogen concentrations
(Fig. 1B) accompanied by the presence of
paracrine factors (Fig. 1C) would favor the
expansion of progenitor cells and survival of
BRCA1-deficient epithelial cells, leading to
tumor development.
Based on single-cell profiling and compu-

tational identification of evolution paths in
BRCA1-associated breast cancer, PTEN loss
and TP53 mutation is predicted to precede
loss of the WT BRCA1 in basal-type and
luminal-type breast cancers, respectively (5),
highlighting multiple pathways for over-
coming apoptosis in BRCA1-deficient cells
and the heterogeneity of BRCA1-associated
breast cancers (Fig. 1A). As loss of hetero-
zygosity of tumor suppressor genes occurs

during the initiation and progression phases
of tumor development, it would be interest-
ing to learn whether there is a haploinsuffi-
ciency phenotype in the PI3K/AKT pathway
described by Gorrini et al. Of course, many
other intriguing questions remain. What
roles do the other estrogen receptors play?
Do cell cycle regulators interface with this
survival pathway? What paracrine media-
tors are involved?
A significant number of BRCA1-associ-

ated breast cancers are classified as triple-
negative (TNBCs), essentially lacking both
ERα and PR expression as well as HER2
amplification. These BRCA1-mutated can-
cers constitute a distinct subset of the
heterogeneous TNBCs. Clinical trials are
ongoing addressing the utility of neoadju-
vant cisplatin therapy and inhibitors of poly
ADP ribose polymerase (PARP) that target
the DNA repair defects found in BRCA1-
mutated breast cancers (20). The prevalence
of TNBCs among BRCA1 tumors leads one
to ask whether, and how, the pathway iden-
tified by Gorrini et al. is involved in the de-
velopment of TNBCs. Nonetheless, based on
the well-established facts that oophorectomy
reduces risk of breast cancer by 48% and
tamoxifen treatments reduce the risk of con-
tralateral breast cancer in BRCA1 carriers by
50%, it is clear that blocking ERα activity is
effective in reducing breast cancer risk. The
findings by Gorrini et al. support other strat-
egies, such as PI3K inhibitors, for treating
BRCA1-associated breast cancers.
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