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Abstract

BRCA mainly acts as a tumor suppressor and BRCA| mutation correlates with increased cancer
risk. Although it is well recognized that BRCAI related tumorigenesis is mainly caused by the
increased DNA damage and decreased genome stability, it is not clear that why BRCAI related
patients have higher risk for cancer development mainly in estrogen responsive tissues such as
breast and ovary. Recent studies suggested that BRCA| and E-ER (estrogen and estrogen receptor)
signaling synergistically regulate the mammary epithelial cell proliferation and differentiation. In this
current presentation, we reviewed the correlation between mammary gland epithelial cell
transformation and the status of BRCAI and ER. Then the mechanisms of BRCAI and E-ER in-
teraction at both gene transcription level and protein-protein interaction level are discussed.
Furthermore, the tumorigenic mechanisms are discussed by focusing on the synergistic effect of
BRCA and E-ER on cell metabolism, ROS management, and antioxidant activity in mammary gland
epithelial cells. Also, the possibility of cell de-differentiation promoted by coordinated effect
between BRCA| mutation and E-ER signal is explored. Together, the currently available evidences
suggest that BRCAI mutation and E-ER signal together, contribute to breast tumorigenesis by
providing the metabolic support for cancer cell growth and even may directly be involved in
promoting the de-differentiation of cancer-prone epithelial cells.

Key words: BRCA1, estrogen, estrogen receptor, cell metabolism, mammary gland development,
breast cancer, ROS, oxidative stress.

Introduction

The survival rate of breast cancer patients has
been improved from around 75% in 1970 to over 90%
in 2013 owing to the improvement in early diagnosis
and more effective treatment. But this disease still
kills over 40000 women in US alone each year.
Therefore, breast cancer is still a big challenge for eti-
ological study, diagnosis and treatment [1]. Breast
cancer can be divided into those with identified ge-
netic risk factors and those what are not. The former
group accounts for only around 10% of total breast
cancer cases. Among that, inherited gene mutations
such as BRCA1 and BRCA2 mutation lead to over 90%
of inherited breast cancer. The majority of breast can-
cers are sporadic caused by more complicated reasons

such as the activation of mitogenic signaling path-
ways, loss of tumor suppressor expression epigenet-
ically etc. The breast cancer can also be further de-
fined as basal-like, luminal A, luminal B, and HER2
(human epidermal growth factor receptor 2) positive
subtypes according to the gene expression profile of
the tumor cells [2, 3]. Both luminal A and luminal B
are ER positive and respond very well to the hormone
therapies. The drugs targeting HER? also significantly
increase the therapeutic effect of HER2 positive tu-
mors [2, 4]. But the treatment for basal-like subtype of
breast cancer is still very inefficient. This type of
breast cancer is the most aggressive subtype with
worse outcome in clinical treatment and account for
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15-20% of breast cancers. Also, basal-like breast cancer
is frequently showed as PR (progesterone receptor),
ER (estrogen receptor) and HER2 negative (or triple
negative) and therefore, has no obligation to hormone
therapy. The basal-like subtype of breast cancer is also
highly heterogeneous. Within the basal-like subtype,
a significant fraction of patients are BRCA1 mutation
carriers [5, 6].

BRCAL1 is a nuclear phosphoprotein that plays
an important role by acting as a genome surveillance
factor and forming numerous different complexes
that are involved in various cellular processes, in-
cluding DNA damage repair, cell cycle checkpoint
control, apoptosis regulation and gene transcriptional
regulation [7-12]. BRCA1 gene was firstly mapped to
17921 and cloned in 1994 [13]. Mutation of BRCA1
associates with almost half of inherited breast cancer
cases. While more than 90% of breast cancer cases are
sporadic, half of them have decreased BRCA1 expres-
sion owing to the BRCA1 promoter hypermethyla-
tion. Homogenous deletion of Brcal gene locus in
mouse results in embryonic lethality. Therefore, most
of BRCA1 mutation carriers have one allele of normal
functional Brcal gene expression. BRCA1 mutation
carriers have much higher rate of developing cancer
in hormone responsive tissues such as breast, ovary
and prostate by comparing to other tissues [14-17].
Intriguingly, hormone therapy is not feasible to treat
BRCA1 mutation related breast cancer because it
generally shows basal-like characters and is triple
negative.

In mammary tissue, estrogens are the primary
female sex hormones and play important role in re-
productive organs such as mammary tissues and
ovary. Estrogen executes its function via binding to
ERs, generating either genomic effects or
non-genomic effects [18]. There are two types of ER
expressed in mammalian cells including ERa and
ERB. But only ERa knockout affects mammary de-
velopment in mice and leads to curtailed duct elon-
gation, suggesting ERa has much significant roles in
regulating breast development than ERf [19-22]. Also,
it is ERa that was well known for its interaction with
BRCAL. So all the ER we discussed hereafter means
ERo. ER regulates gene expression by binding to ERE
(estrogen receptor elements) directly or binding to
other transcriptional factors such as AP1 or SP1 [23].
The major effect of ER is stimulating cell proliferation,
probably by up-regulating protein synthesis genes
and cell cycle regulating genes such as c-Myc and Cy-
clin D1 in response to estrogen [24-26].

BRCAT1 acts as the inhibitor of E-ER signaling by
interacting and inhibiting ER or inhibiting down-
stream effectors of ER. The functional interaction
between E-ER and BRCAL1 ensures the quality of rep-

licated genome DNA when the cells experience pro-
liferation under mitogenic effect of E-ER. When
BRCAL1 is in absence or insufficient, the balance is
break down and the cells start to accumulate genomic
mutations, contributing to the oncogenic transfor-
mation of mammary epithelial cells. In this review, we
would like to summarize the recent progresses in
E-ER and BRCA1 related disciplines such as the status
of both ER and BRCA1 in mammary gland epithelial
cell transformation, interactions between E-ER and
BRCA1 at gene transcriptional regulation level and
protein-protein interaction level. Also, the tumor-
igenic mechanisms associated with BRCA1 and E-ER
interactions will be discussed.

Estrogen receptor status and epithelial
cell transformation

ER mainly expresses in less than 25% of luminal
epithelial cells and has no expression in basal or
stromal cells [27]. It is interesting to observe that there
is no correlation between the proliferating cell marker
Ki67 and ER positive cells, suggesting that not all the
ER positive cells actively proliferate. But more than
90% of mammary gland epithelial cell proliferation is
contributed by luminal epithelial cells [28]. Therefore,
it was proposed that the ER positive cells actually
promote neighbor cells proliferating by secreting
paracrine growth factors [29, 30]. Consistently, by
exposing ER negative mammary epithelial cells to ER
positive cells, these ER negative cells regain the pro-
liferation and contribute to mammary gland devel-
opment [19]. In BRCA1 related breast cancer, around
70~80% of the cases are ER negative and only less
than 20% of cases are ER positive, while ER positive
cases are more prevalent in sporadic breast cancer
[31]. The ER* BRCA1 related breast cancers are age
dependent and the clinical characters are distinct from
the basal features associated with ER- BRCA1 related
breast cancers, leading to the suspicion that these
cancers are incidental ductal carcinomas. But the
slightly increased aggressive phenotype observed
only in ER* BRCA1 related tumors, not in the ER pos-
itive sporadic tumors, may also indicate an unknown
mechanism [31, 32]. Nevertheless, ER positive cells
also contribute to the tumorigenesis in ER- BRCA1
related tumors [31, 33-35]. In Li W. et al.’s study, the
tumor growth, upon loss of BRCAI1, associates with
the increased ER positive mammary epithelial cells
depending on the activation of MAPK/ERK pathway
[34]. Jones LP. et al. reported that exogenous estrogen
was able to stimulate the proliferation of the mam-
mary epithelial cells and tumor growth in BRCA1
mutant mice [35]. A common observation in these
studies is that ER positive cells gradually disappear
along with the growth of tumor. Importantly, the ap-
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proaches aiming to reduce the estrogen effect by ei-
ther prophylactic oophorectomy or Tamoxifen de-
crease the breast cancer risk in BRCA1 mutation car-
riers, suggesting E-ER signaling is critical to promote
the tumor growth [36, 37]. Thus, if the mammary ep-
ithelial cells that have oncogenic transformation are
from ER negative cells, these ER negative cells may
gradually outgrow the surrounding ER positive cells.
ER positive cells may contribute to the oncogenic
transformation of ER negative cells by providing mi-
togenic signaling stimulation. However, it could also
be true that ER positive cells themselves experience
oncogenic transformation and de-differentiation (see
below), resulting in loss of ER expression. Actually, a
recent study indicated that over-expression of stem
cell specific transcriptional factors such as OCT-4,
SLUG, and NANOG in MCF-7 cells reduces ER ex-
pression, increases the stem cell features, and en-
hances the cell mobility [38]. Interestingly, the same
set of transcriptional factors promotes the oncogenic
transformation of ER negative mammary epithelial
cells MCF-10A [39], indicating the cells having onco-
genic transformation could be irrelevant to their ER
status. The detailed mechanism of ER status conver-
sion in BRCA1 related tumors still needs to be further
studied.

BRCA1 and mammary epithelial cell
transformation

Although BRCA1 is mainly a well-known ge-
nome surveillance factor, it was also observed to be
essential for proper mammary epithelial cell differen-
tiation. In BRCA1 mutation carriers, blocking of pro-
genitor cell differentiation may associate with in-
creased cell proliferation as was observed in several
mouse models [40-42]. Because BRCA1 related tumors
show basal like features, the earlier studies mainly
focused on the correlation between basal cells and
BRCAT1 related tumors. Actually, several studies ob-
served that BRCA1 related tumors come from the
transformation of expanded basal cells [10, 40, 43]. By
analyzing the cell surface markers of in vitro cultured
and basal cell generated mammary spheres, BRCA1 is
found to be essential for the basal progenitor cell dif-
ferentiation, because loss of BRCA1 blocks the dif-
ferentiation process [40]. A dosage effect of BRCA1 in
regulating the differentiation of mammary gland ep-
ithelial cells has also been proposed, suggesting
gradually increased BRCAL is critical to promote the
appropriate differentiation of mammary epithelial
progenitor cells [44]. However, several recent studies
demonstrated that the BRCA1 related cancer is caused
by the transformation of luminal progenitor cells with
BRCA1 mutation [10, 33, 45, 46]. These experimental
evidences have been obtained in both mouse models

and human breast samples, highly suggesting that it is
conservative that BRCA1 mutated luminal cells give
rise to BRCA1 related tumors [47]. But why these tu-
mors show more basal-like features such as K14+,
p63*, ER- and other histological characters instead of
luminal tumor features is unknown. However, the
flexibility in luminal cell differentiation suggests that
BRCA1 mutation may promote the conversion of lu-
minal progenitor cells to basal-like progenitor cells,
because most of the luminal progenitor cells have the
ability to give rise to all types of mammary epithelial
cells [47]. A recent study also observed that the dif-
ferentiated luminal cells can be converted back to
mammary stem cells driven by transcriptional factors
only such as SOX9 and SLUG [48]. Consistent to this
observation, Proia et al. observed that SLUG is a pos-
sible mediator of expansion of luminal progenitor
cells promoted by BRCA1 mutation because BRCA1
indirectly represses Slug expression [45]. Actually,
deficiency of BRCA1 associates with increased Slug
expression in both breast cancer cells and human
primary cells [45], suggesting that BRCA1 repressing
of Slug may be critical to promote the differentiation
of mammary epithelial cells. In contrast, a recent re-
port found that SLUG represses BRCA1 by epigenet-
ically silencing Brcal loccus as a downstream effect of
canonical WNT signaling. Repression of Brcal ex-
pression by SLUG is essential for WNT mediated
EMT (epithelial mesenchymal transition) [49]. EMT is
defined as the malignant transformation of tumor
cells and requires the reactivation of many genes that
overlap significantly with the signature genes of stem
cells [50]. Therefore, the genes that promote EMT may
be able to promote other de-differentiation processes
as well.

Direct interactions of BRCA1 and ER:
protein-protein interactions and tran-
scriptional regulations

There are several different ways for BRCA1 in-
teracting with E-ER. For instance, BRCA1 is able to
repress ER transactivation function by forming com-
plex with ER directly. ER is also the substrate of
BRCA1 ubiquitin ligase activity and can be
mono-ubiquitinized. Mutation of the ubiquitinization
sites abolished BRCA1 mediated inhibition of ER ac-
tivity [51]. In addition, BRCA1 is able to inhibit P300
mediated ER acetylation [51-53], while acetylation of
ER by P300 is essential for its transactivation function
[54, 55]. Further work disclosed that BRCA1 also di-
rectly regulates the expression of p300 and quantita-
tively influences P300 [56]. Overall, BRCA1 negatively
regulates the ER activity through P300 with multiple
mechanisms involved. Another study reported that
BRCAL1 also represses the synergistic effect between
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ER and PR, leading to the repressed PR and probably
its mitogenic effect [57]. Decreased BRCA1 expression
also results in the ligand-independent ER activation,
partially through activation of PI3K-AKT signaling
[58], suggesting BRCA1 is also a repressor of
PIBK-AKT  signaling. Interestingly, inhibiting
PI3K-Akt pathway eliminates Brcal expression in tri-
ple negative breast cancer cells [59], further indicating
that BRCA1 is required to restrict the PI3K-AKT sig-
naling. These data suggested that BRCA1 is a critical
guardian factor for mitogenic pathways such as the
E-ER and PI3K-AKT.

E-ER regulates BRCA1 mainly through affecting
its expression. It is well established that BRCA1 gene
is an E-ER responsive gene. However, there are con-
tradictory observations of whether ER directly regu-
lates BRCA1 expression by binding to its promoter.
Several genome wide studies on ER binding profile
failed to find ER at BRCA1 promoter [60-64] . How-
ever, it deserves to point out that all these ER studies
capture the immediate responses of cells within less
than one hour after estrogen treatment. Actually,
other studies observed the “delayed” response of
Brcal expression to estrogen [65-67]. It could be owing
to the delay for new protein synthesis because the de
novo protein synthesis inhibitor, cycloheximide is
able to inhibit the BRCA1 gene expression in response
to estrogen [65, 68, 69]. The peak Brcal expression
appears after twenty four hours treatment by estrogen
in MCEF-7 cells. So more likely, BRCA1 is not a first
response gene to estrogen as described by Kininis et al
[60]. However, it is still too early to rule out the pos-
sibility that ER could directly regulate Brcal expres-
sion in a much delayed fashion after estrogen stimu-
lation.

Interestingly, it was shown that BRCAL is able to
promote expression of Esrl, the coding gene for ER,
via Oct-1 in breast cancer cells [70]. This data has been
used to explain the exclusive association between ER
negative character and BRCA1 related breast tumors
[71]. But this observation is inconsistent with the re-
pressive function of BRCA1 on ER mediated transac-
tivation [51-53]. Moreover, this data can’t fit into the
novel observation that BRCA1 related breast tumor
cells is originally from the luminal progenitor cells,
because the luminal progenitor cells are not exclu-
sively ER negative. Also, neoplastic transformation of
mammary epithelial cells may be irrelevant to the ER
status. So it is quite possible that BRCA1 is not the
essential regulator of Esr-1 expression, although it
may be a true activator. Moreover, it was found that
BRCAL1 actually represses the estrogen synthesis gene
aromatase [72].

It was also found that both Brcal and Esrl are
auto-regulated genes, ie. BRCA1 and ER repress their

own promoter respectively [73, 74]. BRCA1 represses
its own promoter by forming complex with E2F-RB
and CtBP [65, 73]. ER repressing Esrl expression is
estrogen dependent and requires a co-repressor factor
SIN3A which is an important adaptor for recruiting
extra catalytic modules like histone me-
thyl-transferase, DNA methyl-transferase, chromatin
remodeling factors etc. [74]. Because BRCA1 and ER
cause totally opposite effect on cell proliferation, the
regulatory link between them ensures a balance that
directs the appropriate cell growth. Also, the mul-
ti-channel regulatory connection between ER and
BRCAT1 further supports the role of BRCA1 in prohib-
iting cancer occurrence in estrogen responsive tissues

(Fig.1).
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Figure I. Regulatory relationship between BRCAI and ERa.. BRCAI transcription is
repressed by its own protein but can be activated by E-ER indirectly. ESR| expression
is also repressed by its own protein and activated by BRCAI directly. BRCALI inhibit
the transactivation function of ERa via several mechanisms including mediating the
ubiquitinization of ER, competitively binding to p300 and transcriptionally repress
p300 expression.

BRCAT1 and E-ER co-regulate cell metab-
olism

Mitogenic function of E-ER relies on the presence
of sufficient supply of nutrients such as glucose, be-
cause E-ER signaling also promotes the glycolysis and
Krebs cycling [75]. A recent work, however, reported
that estrogen up-regulates glycolysis via activation of
PI3K-AKT signaling pathway, promotes cell prolifer-
ation under high glucose condition and represses
Krebs cycle simultaneously [76, 77]. This is similar to
the situation in proliferating cancer cells that consume
glucose and rely on glycolysis over Krebs cycle in
generating ATP, which is termed as “Warburg effect”
[78]. However, when the extracellular glucose de-
creases, estrogen treatment activates mitochondria
respiration via up-regulating PDH (pyruvate dehy-
drogenase) activity and repressing glycolysis [76],
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suggesting estrogen’s effect on cell metabolism is
adaptable and is under control of glucose availability.
In the scenarios of cancer prone condition, glucose is
frequently enriched. Estrogen probably promotes the
cell proliferation by stimulating the anabolic metabo-
lism. In fact, release of glycolysis proteins into plasma
precedes the diagnosis of ER* breast carcinoma [79],
suggesting E-ER signaling promoted glycolysis is a
very early event that associates with tumorigenesis. It
was shown that the genes maximally induced by es-
trogen treatment after relatively long time (160 mins)
incubation have the top hit of GO (gene ontology)
term “cellular biosynthetic process” by ontology
analysis [67]. These observations indicate E-ER sig-
naling plays an important role in promoting tumor
growth. But the E-ER signaling may also have its own
risk management strategy because BRCA1 is respon-
sive to E-ER signaling, and the response of BRCA1
needs to be mediated by CtBP and the cell metabolite
NADH [65]. Estrogen was found to be able to activate
tumor suppressor gene expression via manipulation
of the cellular metabolism status globally [65]. Alt-
hough BRCAL1 function in regulating cell metabolism
pathways has just been realized, several recent find-
ings suggested that BRCA1 is a negative regulator of
anabolic cell metabolism. BRCA1 has been shown to
negatively regulate Igf-1 expression and mediate
phosphorylated AKT degradation [80, 81]. Also,
BRCA1 directly inhibits ACC (acetyl-CoA carbox-
ylase) by interacting with it [82]. ACC catalyzes the
converting of Acetyl-CoA to malonyl-CoA during
fatty acid synthesis which is essential for tumor cell
growth [83]. Since de novo fatty acid synthesis fre-
quently associates with cancer cell growth, and
probably the EMT, it suggests BRCA1 has novel tu-
mor repressor function by controlling fatty acids me-
tabolism. Thus, E-ER activated BRCA1 expression
forms an important negative regulatory feedback that
slows down the anabolic process promoted by E-ER.

ROS management by BRCA1 and E-ER

The direct consequence of abnormal cell metab-
olism is the rising ROS in cancer cells. Estrogen was
shown to be an important contributor to ROS (reactive
oxygen species). ROS is generated in many of the bi-
ological processes such as the NADPH oxidation and
oxidative-phosphorylation coupled respiration. In-
creased ROS associates with increased macromole-
cules damages, especially the damages to DNA.
Therefore, ROS was considered as a fundamental
reason for cellular senescence and oncogenic trans-
formation. The primary reason for estrogen promoted
ROS is because of mitogenic function of estrogen that
is most likely ER dependent. For instance, E-ER in-
creases the cellular anabolic metabolism by

up-regulating c-Myc [24]. However, it was also shown
that estrogen promotes ROS in ER independent
manner by directly affecting mitochondria [84].

BRCAL1 is also a regulator of ROS. BRCA1 re-
pressing of ROS is part of the integrative function of
BRCA1 as a genome surveillance factor. BRCA1 reg-
ulates ROS via regulating NRF2, a critical transcrip-
tional factor of several important anti-oxidant genes
such as Are, Ngol, and Hmox1 etc. [85, 86]. A recent
study discovered that PI3K-AKT activation promotes
a novel function of NRF2 that redirects the cell me-
tabolism from aerobic to anaerobic respiration [87].
This study disclosed that ROS management and cell
metabolism is interconnected by NRF2 in proliferat-
ing cells. Since proliferating cells prefer to tolerate
relative higher amount of ROS, NRF2 participation in
regulating cell metabolism may be beneficial to boost
the threshold that cells can tolerate. Because part of
E-ER non-genomic signaling is through PI3K-AKT
activation, it indicates that E-ER probably activates
NRF2 function in redirecting the cell metabolism
pathways as well, which compromises the ROS pres-
sure brought by the mitogenic effect of estrogen. In
view of the important role of BRCA1 in maintaining
NREF2 stability and its antioxidant ability [88], it is
predictable that loss of BRCA1 may also increase the
cellular oxidant stress, which will further exaggerate
the risk of DNA damages.

Recent findings suggested that combining
a PI3K inhibitor with a PARP inhibitor provides an
effective therapy for BRCAl-related breast cancer by
inducing genomic instability [89, 90]. The combined
effect is more significant than application of any one
of these inhibitors respectively. The reason is because
PI3K inhibition increases DNA damage and further
decreases the DNA damage repair ability in BRCA1
dificient cells. Since PI3K-AKT is able to activate
NREF2, it is possible that increased PI3K-AKT com-
promises the risk of damage brought by the ROS in
BRCAL defect cells, through NRF2 mediated antioxi-
dant pathway [87]. In fact, PI3K is frequently acti-
vated owing to the constitutive mutation or losing of
PTEN, the repressor of PI3K activation. Thus, these
studies indicate that PI3K-AKT signaling is an im-
portant contributor to the BRCAL1 related breast can-
cer by increasing the antioxidant activities. So in
BRCA1 mutant cancer cells, NRF2 can be activated by
PI3K-AKT but loss its stability owing to the BRCA1
deficiency, hinted that NRF2 might be quickly and
constantly degraded and regenerated.

Rising ROS benefits the self-renewal of neural
stem cells [91]. Also, ROS plays a role in WNT initi-
ated intestinal epithelial cells de-differentiation and
converting of these cells to tumor initiation cells [92].
Therefore, these data may provide a potential mecha-
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nism that ROS can be beneficial to the cancer cell pro-
liferation. Since E-ER signaling function also partially
depends on activation of PI3K-AKT, the prevalence of
abnormal activation of PI3K-AKT in BRCA1 related
breast cancer suggested that NRF2 may be important
in E-ER activated breast proliferating cells. In support
of this speculation, several recent studies identified
NRF2 activation induced by E-ER signaling in
non-breast cells [93, 94]. Hence, it is quite possible that
E-ER is also able to promote Nrf2 expression in breast
cells.

C-MYC and CYCLIN D1 as common tar-
gets of BRCA1 and E-ER

BRCA1 and E-ER also regulate cell metabolism
via their downstream targets in common such as
CYCLIN D1 and C-MYC. Both factors are important
regulator of cell proliferation and over expression of
these factors are frequently associated with tumor cell
growth. It was known that E-ER signaling promotes
expression of Cyclin D1 and c-Myc by transcriptionally
binding to their cis-regulatory elements [24-26]. Both
CYCLIN D1 and C-MYC are well known for their
function in cell cycle regulation and acting as onco-
genes, but they are also identified to be important
regulators of cell metabolism by recent studies [95-97].
CYCLIN D1 was shown to repress expression of Nrf-1
(nuclear respiratory factor 1), an activator of multiple
mitochondria genes [96]. In addition, CYCLIN D1 was
also found to repress the mitochondria function and
aerobic glycolysis in cancer cells [97]. This is actually
consistent with the cancer cell features that the growth
of the cells prefers to use anaerobic glycolysis as the
major energetic pathway instead of aerobic respira-
tion in mitochondria. C-MYC was found to regulate
expression of amino acid transporters Slcla5, Asct2
and glutaminase Gls. C-MYC also promotes the con-
version of glutamine to glutamate and the absorption
of glutamate as anaplerotic substance for TCA cycle.
Moreover, increased glutamine consumption is im-
portant to produce glutathione, an important antiox-
idant molecule in most of the proliferating cells. So,
E-ER signaling may promote the cell proliferation
with simultaneously stimulation of the anaplerotic
metabolism that not only provides the carbon source
but also increases the antioxidant capacity.

BRCA1 may limit the E-ER impact on cell me-
tabolism via regulating CYCLIN D1 and C-MYC as
well. On the one hand, CYCLIN D1 is able to compet-
itively bind ER at the same domain recognized by
BRCA1. This binding releases ER from being re-
pressed by BRCA1 at ER target gene promoters [98].
On the other hand, Murray et al. showed that
CYCLIN D1 is probably the target of BRCA1/BARD1
ubiquitin ligase activity and may be degraded in a cell

cycle dependent manner [70]. BRCA1 repression of
both ER and CYCLIN D1 mainly relies on pro-
tein-protein interaction. This is a relatively faster re-
sponse and may be critical to inhibit ER and CYCLIN
D1 promoted cell cycling when cells experience
emergency condition such as oxidative stress. In fact,
BRCAL1 also interacts with C-MYC and represses the
transcription activator function of C-MYC [99]. In
contrast, E-ER promotes Cyclin D1 mainly through
transcriptionally up-regulating Cyclin D1 expression,
in a similar mechanism as BRCA1 promoted Esr-1
expression. Likewise, C-MYC activates BRCA1
mainly through transcriptionally activating Brcal
gene expression. Obviously, transcriptional regula-
tion of these genes is relatively slow and requires
more supporting mechanisms such as the availability
of transcription machinery. So these processes take
more time and provide a bigger window for being
monitored and controlled.

Correlation of BRCA1 and E-ER in regu-
lating mammary epithelial cell differen-
tiation

ER was shown to be involved in regulating the
cell differentiation process such as the EMT [100]. It
was observed that re-introduction of ER in ER- breast
cancer cells is able to inhibit EMT by inhibiting REL-B
(NF-kB subunit) synthesis via repressing the expres-
sion of FRA-2 and AP-1, the main transcriptional fac-
tors of RelB gene, in an estrogen independent manner
[100]. ER expression is also correlated with the re-
versing of the invasive feature of these cancer cells,
suggesting ER is a repressor of EMT. Another inde-
pendent study showed the important role of ER in
repressing EMT via repressing Slug expression [101].
Slug is an important factor to promote EMT and is
also essential to maintain the undifferentiating status
of mammary epithelial stem/progenitor cell. Thus,
reintroduction of ER to ER- breast cancer cells may
promote the differentiation program which is in
against of the EMT. Controversially, estrogen was
shown to promote EMT by repressing E-cadherin in
both normal and epithelial breast cancer cells and
ovarian cancer cells in an ER dependent way [102,
103]. The inconsistency may be determined by the
ligand binding status of ER because a separate and
independent study explained that estrogen binding is
able to alter ER from activator to repressor of
E-cadherin [104]. Consequently, the ligand binding
status of ER determines its role in regulating EMT
[104]. These data suggested that estrogen is a domi-
nant promoter of cell proliferation and dedifferentia-
tion by activating the E-ER signaling pathway. Alt-
hough the EMT and oncogenic transformation are two
distinct processes, both of them show active prolifer-
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ation and de-differentiation represented by activation
of stem cell-related pathways [50]. Therefore, it is
possible that the aberrant elevated estrogen and sub-
sequent activation of ligand-bound ER may promote
the de-differentiation in oncogenic cells.

Since BRCA1 negatively regulates SLUG, a factor
that is essential to maintain the pluripotency of
mammary epithelial stem/progenitor cells, it is rea-
sonable to suspect that the function of BRCA1 is to
pave the way for differentiation by repressing stem
cell related transcriptional factors [48]. But in BRCA1
mutation circumstances, the overlapped effects of
estrogen and BRCA1 mutation may significantly
promote the cell proliferation and the expression of
the factors, such as SLUG and SOX9 that promote
de-differentiation [48]. A recent study suggested that
intestinal epithelial cells can de-differentiate upon
NF-«B activation, which results in oncogenic trans-
formation [92]. The mediator of NF-xB activation is
Wnt signaling. Thus, cell proliferation and cell
de-differentiation may be the prerequisite to turn on
the neoplastic transformation in mammary epithelial
cells with BRCA1 mutation as well. This idea is ap-
pealing because this will explain the increased breast
cancer risk in BRCA1 deficient patients when being
over-exposed to estrogen. Moreover, absence of
BRCA1 reduces the ability of cells to deal with the
oxidative stress partially raised by E-ER. Therefore,
the cells that experience the de-differentiation may
have much higher opportunity to be exposed to oxi-
dative damages that accelerate the tumorigenesis (Fig.

2).
— &
De-differentiation
G — +
ER( SLUG SLUG ER”

Differentiation

Figure 2. Interaction of BRCAI and E-ER and their regulation of mammary epithelial
cell differentiation. The differentiation of mammary epithelial progenitor cells is
restricted by several key regulators such as SLUG and SOX9. BRCAI may contribute
to the cell differentiation by repressing SLUG in both multi-potent progenitor cells
and committed progenitor cells. However, E-ER signaling may promote cell prolif-
eration and increase these stem cell related factors, which start to turn on the related
gene transcription programs and promote cell de-differentiation. In normal condition,
the balance between BRCAI and E-ER is important to maintain a homeostatic SLUG
level and ensures the appropriate differentiation program. Under BRCAI deficiency
condition, the cells start to gain stem cell features. When this process is coupled with
increased cellular damages, such as ROS related damages, the opportunity of onco-
genic transformation increases.

Correlation between BRCA1 and E-ER in
other metabolic disorders

The connection between obesity and breast can-
cer risk in postmenopausal women has been well es-
tablished, probably because of the contribution of
adipocytes in estrogen production in mammary gland
of these patients [105]. Such correlation between
weight gain and breast cancer risk may be also true
for BRCA1 mutation carriers in postmenopausal pe-
riod [106, 107]. But BRCA1 associated breast cancer
tends to occur in premenopausal women [108]. In fact,
it is still controversial whether there is correlation
between the weight gain and cancer risk in premen-
opausal patients. In sporadic breast cancer patients,
BRCA1 promoter methylation leads to increased in-
vasive breast cancer risk mainly in premenopausal
period [109]. Thus, it is not surprise that loss of
BRCA1 also leads to increased breast cancer risk
mainly in premenopausal patients. The prevalence of
cancer risk in premenopausal women under the con-
dition of BRCA1 insulfficiency, highly suggested the
important role of BRCA1 in preventing tumorigenesis
at the earlier stage of life time. The leading cause of
BRCAT1 repression in sporadic breast cancer is still not
clear. The recently identified molecular mechanism of
CtBP repression of BRCA1 expression suggested the
potential role of metabolic molecule, NADH, in
BRCA1 repression [65]. In fact, NADH status has
important effect on cancer risk and NADH level in
cancer cells is generally higher owing to the glycolysis
dependent growth of cancer cells [65, 110, 111].

Diabetes also has significant correlation to breast
cancer risk in postmenopausal women. Since diabetes
patients are characterized by hyperinsulinemia, it is
possible that the crosstalk between the E-ER signaling
pathway and PI3K-AKT signaling pathway contrib-
utes to the increased breast cancer risk [18, 112], be-
cause PI3K-AKT pathway is one of the major down-
stream pathways activated by insulin and insulin re-
ceptor. Another important reason is that over 80% of
type II diabetic patients are obese. Thus, fat tissue
associated overproduction of estrogen, and other fat
tissue specific factors, may contribute to breast cancer
risk as well. Consequently, BRCA1 expression may be
affected in diabetes patients similar as in obese pa-
tients.

Summary

The evidences showing the direct inhibitory ef-
fect of BRCA1 on ER suggested BRCA1 is a major
antagonistic factor of E-ER signaling pathway. Since
ER is an important transcriptional factor, the inhibi-
tory effect of BRCA1 on ER is expected to have much
profound impact on the ER directed transcriptional
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programs. For example, the cell metabolism related
aspects may be affected in a much more complicated
way than we realized under BRCA1 deficient condi-
tion. The way to decipher these affected genes regu-
lated by ER is to genome widely identify these genes
and functionally annotate these gene expression pro-
grams. In fact, genome wide profiling of ER binding
has been repeatedly studied by several labs and rela-
tively consistent data have been obtained. But these
studies are limited to the estrogen treatment condition
only. None of these studies investigated the binding
change of ER upon BRCA1 deficiency [60-64]. There-
fore, it is important to further define the ER binding
profile under BRCA1 deficiency condition, which will
be critical to understand the details of E-ER involve-
ment in tumorigenesis in BRCA1 related patients.

BRCAL1 is also an important transcriptional fac-
tor, but very few studies addressed the BRCA1 bind-
ing profile at the genome level. Because comparison of
ER and BRCA1 binding profile is a valuable channel
to understand the interactive connection between
these two factors, lack of BRCA1 genome wide bind-
ing data further impedes the detailed analysis of the
opposite functions of ER and BRCA1. In recent re-
leased ENCODE data, BRCA1 binding profile in hu-
man ES cells has been included. So far, this is the only
public available genome wide binding analysis of
BRCA1 and can be a reference when BRCA1 binding
profiles are studied in mammary gland epithelial cells
and breast cancer cells.

Another intriguing issue associated with BRCA1
related tumorigenesis for long time is the difficulties
in defining the tumor initiation cells precisely during
mammary gland development, probably owing to the
dynamic nature of this process and the challenges in
tracking this process. The recent discovery defining
these tumor initiation cells as cancer stem cells pro-
vides a new opportunity to carefully identify such
cells by taking advantage of the well-defined cancer
stem cell markers. More importantly, the newly
emerged single cell isolation, manipulation and sub-
sequent analysis techniques also provide the possibil-
ity to closely follow up the oncogenic transformation
of the mammary epithelial cells that are BRCA1 defi-
cient. By combining with the single cell exon se-
quencing, the transcriptome analysis may provide
significant insight to the cell transformation event at
the single cell level.

Involvement of both BRCA1 and E-ER in regu-
lating cell metabolism pathways provides a new angle
to review the BRCA1 related tumorigenesis mecha-
nisms. Specifically, the BRCA1 function in prohibiting
fatty acid synthesis by inhibiting ACC further
strengthens its tumor repressor function by serving as
the “caretaker” for the synthesis of the most im-

portant cell structural component, the membrane
system, because fatty acids are the major substance to
build up all the membrane. However, the function of
BRCA1 in directly regulating cell metabolism
shouldn’t be limited to only one unique target.
Therefore, further investigation of BRCA1 function in
regulating cell metabolism pathways, either via direct
protein-protein interactions as observed on the ACC
inhibition or via its transcriptional target genes,
should be necessary.

The most important observation that correlated
to BRCA1 gene clinically is the abundance of BRCA1
silencing caused by promoter methylation. Whether
or not this hypermethylation is caused by E-ER di-
rectly or indirectly, alleviation of BRCA1 promoter
methylation may be an important therapeutic oppor-
tunity or preventive strategy for breast cancer. The
hypermethylation of BRCA1 promoter is an epige-
netic event and recent studies suggested that epige-
netic modifications can be regulated by the cell me-
tabolism status. Since E-ER signaling stimulates the
cell proliferation and promotes the anabolic metabo-
lism, there is a potential connection between the E-ER
effect and BRCAL1 silencing. This connection leads to
the suspicion that increased physical activity and diet
control may be effective in reducing the breast cancer
risk. However, there is no direct evidence to support
this hypothetical explanation yet. So, further studies
are required to investigate the mechanism of BRCA1
silencing and clinically correlation studies are also
necessary to establish the causing effect of metabolism
status on BRCA1 silencing.
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