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Mutations in BRCAI increase risks of familial breast and
ovarian cancers, particularly among premenopausal wo-
men. While BRCA1 plays an active role in DNA repair,
this function alone may not be sufficient to explain why
BRCAlI-associated tumors predominantly occur in
estrogen-responsive tissues. Aromatase is the rate-limiting
enzyme in estrogen biosynthesis and a key target in breast
cancer treatment. Aromatase expression in ovarian
granulosa cells dictates levels of circulating estrogen in
premenopausal women, and its aberrant overexpression
in breast adipose tissues promotes breast cancer growth.
Here, we show that BRCA1 modulates aromatase
expression in ovarian granulosa cells and primary
preadipocytes. The cyclic AMP-dependent expression of
aromatase in ovarian granulosa cells is inversely corre-
lated with the protein level of BRCA1. Importantly,
transient knockdown of BRCA1 enhances aromatase
expression in both ovarian granulosa cells and primary
preadipocytes. We propose that BRCA1 deficiency in
epithelial and certain nonepithelial cells may result in
combined effects of aberrant estrogen biosynthesis and
compromised DNA repair capability, which in turn may
lead to specific cancers in the breast and ovary.
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Mutations in BRCAI account for about half of the
hereditary forms of breast cancer and 80-90% of
the combined hereditary breast and ovarian cancers. A
large body of evidence has established a pivotal role of
BRCALI in various aspects of cellular response to DNA
damage such as DNA repair and checkpoint (Venkitara-
man, 2002; Starita and Parvin, 2003). However, loss of
BRCAI function in DNA damage response, a cellular

*Correspondence: Y Hu and R Li;

E-mails: yh4b@virginia.edu, rl2t@yvirginia.edu

Received 25 May 2005; accepted 21 June 2005; published online 19
September 2005

process that is universally important to genetic stability
of all cell types in both genders, may be insufficient to
explain why BRCAI mutations predominantly affect
breast and ovarian epithelia, the two major estrogen-
responsive tissues in women. The ovary is the main
source of circulating estrogen in premenopausal women.
Conversion of androgen to estrogen, which is the rate-
limiting step in estrogen biosynthesis, is catalysed by
aromatase P450 (CYPI9) in ovarian granulosa cells.
Thus, ovary-specific expression of aromatase primarily
determines circulating levels of estrogen in premeno-
pausal women. In addition, aromatase expression in
peripheral tissues such as adipose tissue also contributes
to local estrogen production (Simpson et al., 2002).
Indeed, over-expression of intratumoral aromatase in
mammary adipocytes has been associated with breast
cancer development (Sasano and Harada, 1998).

An inverse correlation of aromatase and BRCA1
expression in ovarian granulosa cells

The release of pituitary gonadotropin follicle-stimulat-
ing hormone (FSH) greatly stimulates aromatase
expression in mural granulosa cells of preovulatory
follicles via a cAMP-dependent pathway (Richards,
1994). Interestingly, murine Brcal is highly expressed in
ovarian granulosa cells of developing follicles. However,
in large antral/preovulatory follicles, Brcal expression
significantly decreases in mural granulosa cells and
becomes restricted to cumulus granulosa cells, which do
not contain abundant aromatase as compared to mural
ones (see illustration in Figure 1a) (Marquis et al., 1995;
Phillips et al., 1997; Rajan et al., 1997). Consistent with
the published observation by in situ hybridization and
immunohistochemistry, we found an inverse correlation
of Brcal and aromatase mRNA and protein levels in
cumulus and mural granulosa cells, using tissue frac-
tions isolated from large antral/preovulatory follicles of
mice ovaries (Figure 1a).

Using a human granulosa cell line (KGN) that
maintains the steroidogenic function of granulosa cells
in vivo (Nishi et al., 2001), we compared the ovarian
expression of human BRCA1 and aromatase in response
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Figure 1 An inverse correlation between aromatase and BRCAT1 expression in ovarian granulosa cells. (a) Comparison of murine
Brcal and aromatase expression in cumulus and mural granulosa cells. Tissue fractions that were enriched with either cumulus
granulosa cell-oocyte complex (COC) or mural granulosa cells (Mural) were retrieved from ovaries of 7-week-old female mice by
puncturing the large antral/preovulatory follicles with 30-gauge needles and microscopic dissection. Fractionation was validated by
several markers, specific for cumulus and mural granulosa cells (data not shown). The mRNA levels of Brcal and aromatase were
analysed by real-time PCR. Total RNA was isolated using TRIzol Reagent (Invitrogen) according to the manufacturer’s instructions.
RNA was reverse-transcribed using the ImPrompll kit from Promega. SYBR Green-based real time PCR assay was conducted
following the manufacturer’s procedures (Applied Biosystems for ABI7300). 18s rRNA was used for normalization. Protein extracts
from COC and mural granulosa cell-enriched fractions were resolved by SDS-PAGE, and immunoblotted with the following
antibodies: «-BRCA1 (Santa Cruz Biotechnology, H-100), a-aromatase (Serotec, MCA-2077), and a-tubulin (Calbiochem, CP06). Also
shown is an illustration of oocyte (O), cumulus (C), and mural (M) granulosa cells in an antral follicle. (b) The human ovarian
granulosa cell line KGN (Nishi ez al., 2001) was treated with forskolin (FSK; 25 uM) and cells were harvested at the time intervals
indicated on top of the panels. Immunoblotting was performed using specific antibodies against aromatase (Serotec, MCA-2077),
BRCAI (Oncogene, Ab-1/OP-92), and a-tubulin (Calbiochem, CP06). (¢) (Bu),cAMP (0.5 mM) or forskolin-induced BRCA1 reduction
is specific to ovarian granulosa cells. BRCA1 expression was assessed in KGN, MCF7 (breast carcinoma), T47D (breast carcinoma),
and HEK293 cells (embryonic kidney). All immunoblots were developed using an ECL kit from Piece (Cat. # 34080-22) unless specified
otherwise

to cAMP stimulation. The aromatase protein level
increased steadily during the first 24 h post-treatment
with forskolin (FSK), an activator of adenylyl cyclase
(compare lanes 1-5 with 6 in Figure 1b). The cAMP-
stimulated expression of aromatase was accompanied by
a gradual reduction of BRCAL1 protein in the human
granulosa cells (Figure 1b), consistent with in vivo
observations with murine Brcal (Phillips et al., 1997,
Turner et al., 2002) (Figure 1a). Treatment with a cAMP
analog, (Bu),cAMP, caused similar inversely correlated
changes of BRCAI1l and aromatase levels (data not
shown). The decrease in the BRCAI1 protein level
is unlikely to be due to a general chemical-triggered
cell cycle arrest, as the same forskolin or (Bu),cAMP
treatment in several other cell lines that do not express
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aromatase (MCF7, T47D, and HEK293) did not lead to
significant changes in BRCA1 expression (Figure 1c) or
any detectable aromatase expression (data not shown).

Reduction of BRCAL1 levels increases aromatase
expression in the ovarian granulosa cell line and
primary adipocytes

To directly test a causal relationship between aromatase
and BRCAI expression, several small interfering RNA
(siRNA) oligonucleotides that target various regions of
BRCAI were used to transiently reduce its expression in
the KGN granulosa cell line (compare lanes 1 and 2 with
3-6; Figure 2a). Real-time RT-PCR analysis showed
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Figure 2 Reduction of BRCA1 protein levels in ovarian granulosa cells and primary preadipocytes leads to elevated aromatase
expression. (a) Immunoblotting for BRCA1 and a-tubulin in the control and BRCA1 knockdown granulosa cells. Various siRNAs
purchased from Dharmacon (luciferase: D-001100-01-80, BRCA1-1:D-003461-02, BRCA1-2:D-003461-03, BRCA1-3:D-003461-06,
BRCA1-4:D-003461-07) were introduced into KGN cells by two consecutive transient transfections at 200 nmol per well of a six-well
dish, using Oligofectamine (Invitrogen). (b) mRNA levels of aromatase were measured by real-time RT-PCR method. f-Actin was
used for normalizing the real-time PCR results. The sequences of the specific PCR primers will be provided upon request. (¢) Lysates
from the control and BRCA1 knockdown KGN cells were immunoblotted with the a-aromatase antibody and detected with ECL-Plus
(Amersham). (d) Aromatase activity was measured in KGN cells by the tritiated water release assay, as described previously (Yue and
Brodie, 1997). (¢) Human adipose-derived adherent stromal cells (hADASC) were isolated and cultured as described previously (Katz
et al., 2005). siRNA-mediated reduction of BRCALI protein in preadipocytes was carried out essentially in the same way as that for
KGN cells, except that Lipofectamine 2000 was used in the first transfection. (f) Real-time RT-PCR results indicate increased
aromatase mRNA in the BRCAl-reduced preadipocytes

that the BRCAl-targeted siRNAs gave rise to a
substantial elevation of the aromatase mRNA level as
compared to the mock or luciferase siRNA (compare
bar 1 and 2 with 3-6; Figure 2b). Furthermore,
aromatase expression was not affected by a number of
additional unrelated siRNA (data not shown). Consis-
tent with the quantitative RT-PCR result, reduction of
BRCAT1 level increased the aromatase protein level
(Figure 2c) as well as its catalytic activity in converting
androgen to estrogen (Figure 2d). Under the forskolin-

treated condition, BRCA1 siRNA only resulted in a
modest increase over the cAMP-stimulated aromatase
expression (data not shown). This was most likely due to
the fact that, even in the absence of BRCAT1 siRNA, the
level of BRCAL1 in the forskolin-treated cells was greatly
reduced by an intrinsic cAMP-dependent process
(Figure 1b and c).

In addition to ovarian granulosa cells, aromatase is
also expressed in several peripheral tissues including
adipose tissue (Simpson and Davis, 2001). Notably, in
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many postmenopausal breast cancer tissues, adipocytes
that surround the carcinoma tissues promote cancer
growth by increasing the intratumoral production of
aromatase and, hence, estrogen (Sasano and Harada,
1998). To assess the effect of BRCA1 on aromatase
expression in adipose tissue, primary preadipocytes were
transfected with either the control or BRCAIl-specific
siRNAs. As shown in Figure 2e¢ and f, transient
reduction of BRCAI1 in preadipocytes resulted in
substantial increases of aromatase mRNA expression.
BRCAI1 knockdown in several cell lines that normally
do not express aromatase (e.g. MCF10A, T47D, and
HEK?293) did not result in the activation of the
aromatase gene (data not shown), most likely due to
the absence of tissue-specific transcription activators
required for aromatase expression (Simpson et al.,
2002). Thus, the BRCAL effect on aromatase expression
was only observed in those cell types that have the
inherent steroidogenic capability, such as ovarian
granulosa cells and preadipocytes.

BRCA1 forms a heterodimeric complex with the
BRCAl-associated RING domain (BARDI1) protein,
which is implicated in BRCAl-mediated biological
functions (Baer and Ludwig, 2002). Interestingly,
siRNA-mediated knockdown of BARDI in granulosa
cells resulted in a significant reduction of the BARDI1 as
well as BRCA1 protein levels (compare lane 1 with 2—4,
Figure 3a). This is reminiscent of the interdependent
stability observed for the BRCA1/BARDI1 homologues
from other species (Joukov et al., 2001; McCarthy et al.,
2003). Importantly, the BARD1-targeted siRNAs led to
increases of aromatase mRNA that were comparable to
the effects of the BRCA1 siRNAs (Figure 3b). Thus,
BARDI may facilitate the BRCA1-mediated repression
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Figure 3 BARDI knockdown results in increased aromatase
expression. (a) BARD1-specific siRNA reduced the protein levels
of both BARD1 and BRCAI. Nuclear fractions were analysed for
BARDI (Bethyl, A300-263A) and BRCA1 (Oncogene, Ab-1/OP-
92) levels, with lamin A/C (Covance, MMS-107P) as the loading
control. (b) Real-time PCR indicates elevated total mRNA levels of
aromatase in the BARD1 knockdown cells. Transient transfection
and real-time PCR were conducted in the same manner as in
Figure 2. The following siRNA oligonucleotides were purchased
from Dharmacon: BARDI-1 (D-003873-01), BARDI-2 (D-
003873-03), and BARDI-3 (D-003873-04)
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of aromatase transcription by stabilizing BRCA1 and/or
forming a functional repressive complex with BRCAT.

A gene- and promoter-specific effect of BRCA1

To further ascertain the specificity of the siRNA
knockdown effect, we compared the mRNA Ievels of
several other genes in the control and BRCA1-reduced
KGN granulosa cells. These include inhibin A, inhibin
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Figure 4 Gene and promoter-specific effect of BRCAI. (a) KGN
cells were either mock transfected or with various siRNAs. RNA
was isolated and the mRNA levels for different genes were analysed
by real-time PCR. The relative mRNA level of the mock sample in
each group was set at 1. f-Actin was used for normalization. (b)
The same RNA from (a) was used to measure the presence of the
first exons that are specific to individual tissue-specific aromatase
promoters. To eliminate false positive signals due to the possible
contamination of genomic DNA in the RNA samples, parallel
PCR reactions were carried out using both reverse transcriptase-
treated (4 RT) and untreated (—RT) samples. The ratio of + RT
over —RT was used for measuring the relative promoter activity (1
means no detectable transcripts). The diagram on the top indicates
the genomic locations of several tissue-specific promoters of the
aromatase gene (CYPI19) and the tissue-specific alternative splicing
patterns of the aromatase transcripts. The solid bars in the diagram
designate the promoter-specific first exons. The approximate
distances between the promoters are also indicated



pB, cyclin DI, follistatin, and steroidogenic acute
regulatory protein (StAR), most of which are stimulated
by gonadotropins at various stages of follicular matura-
tion (Richards, 1994). Real-time PCR analysis revealed
that, in contrast to aromatase, none of the other genes
examined were significantly affected by the BRCAI
siRNA knockdown (Figure 4a). Thus, it is unlikely that
BRCAI1 represses an upstream step that is common to
the activation of these genes.

Expression of aromatase in various tissues is largely
conferred by transcription initiation from tissue-specific
promoters as well as alternative splicing that involves a
promoter-specific, noncoding exon I (Bulun et al., 2003)
(Figure 4b). The elevated aromatase expression upon
BRCAI1 knockdown in the granulosa cells could be due
to super-activation of the ovary-specific promoter(s)
and/or activation of a different tissue-specific promoter
that is otherwise dormant in ovarian granulosa cells. To
distinguish these two possibilities, we determined the
abundance of the first exons that are specific to various
tissue-specific promoters (Figure 4b), including 1.1
(placenta), 1.4 (skin and adipose), 1.7 (endothelium),
1.3 (adipose and ovary), and PII (ovary). In order to
eliminate spurious signals due to contaminated genomic
DNA in the RNA samples, we calculated ratios of real-
time PCR values from RNA samples treated with
reverse transcriptase (RT) over those without. As shown
in Figure 4b, BRCA1 knockdown increased the PII and
[.3-specific transcripts. In contrast, no significant
amounts of the other promoter-specific transcripts (1.1,
1.4, or 1.7) were detected in either the control or
BRCAI1-knockdown cells. This finding indicates that
super-activation of the ovarian promoters is the primary
cause for the elevated aromatase expression in the
BRCA1-depleted granulosa cells.

A nonautonomous function of BRCAL1 in ovarian
granulosa cells and preadipocytes may contribute
to tissue-specific tumor suppression

Recent clinical studies indicate that carriers of BRCAI
mutations have a marked decrease in cancer risk at
menopause as compared to the premenopausal age
group (Antoniou et al., 2003). Furthermore, prophylac-
tic oophorectomy reduces the risk of breast cancer in
carriers of BRCA! mutations (Kauff et al, 2002;
Rebbeck er al., 2002). These observations suggest that,
as it has long been associated with sporadic breast
cancer, circulating estrogen in premenopausal women
may also contribute to the development of BRCAI-
associated tumors. The current study provides evidence
for a role of BRCALI in modulating aromatase expres-
sion in ovarian granulosa cells and preadipocytes, two
cell types that are important for the production of
circulating and local estrogen, respectively. Elevated
estrogen levels alone, due to increased aromatase
expression may not be sufficient to trigger tumorigenesis
in normal epithelial cells, as transgenic mice that over-
express aromatase in the mammary gland develop
hyperplasia but not malignant tumors (Tekmal et al.,
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1999). However, by affecting the endocrine/paracrine
actions of estrogen, BRCAI deficiency in the estrogen-
producing cells may promote tumorigenesis in those
estrogen-responsive epithelial cells that already display
loss of heterozygosity (LOH) for BRCAI. Alternatively,
accelerated proliferation in breast and ovarian epithelia
due to the increased estrogen level could lead to a higher
frequency of LOH for BRCAI in BRCAI-mutation
carriers. Thus, a combined loss of the DNA repair
function in epithelial cells and the modulation of
estrogen biosynthesis in granulosa cells/adipocytes may
confer tissue-specific tumor development in the breast
and ovary. The model for BRCA1 functions in multiple
cell types could also explain the lack of somatic
mutations of BRCAI in sporadic breast tumors, as it
may be an extremely rare event to lose the wild-type
alleles of BRCAI in multiple cell types in noncarriers of
BRCAI mutations.

A prediction from our study is that carriers of BRCA 1
mutations would exhibit elevated local and/or circulat-
ing levels of estrogen as compared to noncarriers.
Correlative studies of estrogen levels and breast cancer
risk in premenopausal women have been complicated by
the large fluctuation of the plasma levels of estrogen
during the menstrual cycle (Key and Verkasalo, 1999),
and a direct comparison of the estrogen levels in
BRCAI-mutation carriers with those in noncarriers is
lacking in the current literature. However, it is notable
that carriers of BRCAI mutations tend to have higher
breast density, a surrogate of estrogen level (Huo et al.,
2002). It is also possible that a paucity of BRCAI in
granulosa cells and/or adipocytes may increase breast
cancer risk via cumulative exposure of breast epithelium
to a mildly elevated basal level of estrogen, rather than
via a significant alteration of the menstrual cycle in
carriers of BRCAI mutations.

The exact mechanism of BRCA1-mediated repression
of aromatase expression remains to be elucidated.
Multiple positive and negative site-specific transcription
factors have been reported to bind to and regulate
transcription from the 1.3 and PII promoters. These
include steroidogenic factor 1 (SF-1), CREB transcrip-
tion factor family, Snail/Slug proteins, and several
orphan nuclear receptors (Zhou and Chen, 1999; Chen
et al., 2001; Richards, 2001; Simpson et al., 2002). In
addition, Jun proteins, which interact with BRCA1 (Hu
and Li, 2002), bind to the PII promoter of the aromatase
gene and repress its transcriptional activity in KGN cells
(Ghosh et al., 2005). Thus, it is conceivable that BRCA1
may be recruited to the I[.3/PII promoters via its
interaction with one or more site-specific transcriptional
repressors.

While the current manuscript was in preparation,
Chodankar et al. reported that ovarian granulosa cell-
specific knockout of Brcal in mice resulted in the
development of cystic tumors in the ovaries and uterine
horns (Chodankar et al., 2005). Strikingly, the tumors
retained the wild-type Brcal alleles. This finding led to
the notion that Brcal in mouse ovarian granulosa cells
might indirectly suppress tumorigenesis in the neighbor-
ing estrogen-responsive tissues via a granulosa cell-
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secreted effector (Chodankar et al, 2005). Altered
steroidogenic capacity due to elevated aromatase gene
expression in the granulosa cells could explain the tumor
phenotype observed in the granulosa cell-specific Brcal
knockout mice. Taken together, both the in vivo work in
mice and our tissue culture study support a cell
nonautonomous function of BRCA1 in suppression of
breast- and ovary-specific tumor development, which
may be in addition to its established role as a classical

References

Antoniou A, Pharoah PDP, Narod S, Risch HA, Eyfjord JE,
Hopper JL, Loman N, Olsson H, Johannsson O, Borg A,
Pasini B, Radice P, Manoukian S, Eccles DM, Tang N, Olah
E, Anton-Culver H, Warner E, Lubinski J, Gronwald J,
Gorski B, Tulinius H, Thorlacius S, Eerola H, Nevanlinna
H, Syrjdkoski K, Kallioniemi O-P, Thompson D, Evans C,
Peto J, Lalloo F, Evans DG and Easton DF. (2003). Am. J.
Hum. Genet., 72, 1117-1130.

Baer R and Ludwig T. (2002). Curr. Opin. Genet Dev., 12,
86-91.

Bulun SE, Sebastian S, Takayama K, Suzuki T, Sasano H and
Shozu M. (2003). J. Steroid Bioc. Mol. Biol., 86, 219-224.
Chen S, Zhou D, Yang C, Okubo T, Kinoshita Y, Yu B, Kao

Y-C and Itoh T. (2001). J. Steroid Bioc. Mol. Biol., 79, 35-40.

Chodankar R, Kwang S, Sangiorgi F, Hong H, Yen H-Y,
Deng C, Pike MC, Shuler CF, Maxson R and Dubeau L.
(2005). Curr. Biol., 15, 561-565.

Ghosh S, Wu Y, Hu Y-F and Li R. (2005). Oncogene, 24,
2236-2246.

Hu Y-H and Li R. (2002). Genes Dev., 16, 1509-1517.

Huo Z, Giger ML, Olopade OI, Wolverton DE, Weber BL,
Metz CE, Zhong W and Cummings SA. (2002). Radiology,
225, 519-526.

Joukov V, Chen J, Fox EA, Green JB and Livingston D.
(2001). Proc. Natl. Acad. Sci. USA, 98, 12078—12083.

Katz AJ, Tholpady A, Tholpady SS, Shang H and Ogle RC.
(2005). Stem Cells, 23, 412-423.

Kauff ND, Satagopan JM, Robson ME, Scheuer L,

Hensley M, Hudis CA, Ellis NA, Boyd J, Borgen PI,
Barakat RR, Norton L and Offit K. (2002). N. Engl J.
Med., 346, 1609-1615.

Key TJ and Verkasalo PK. (1999). Breast Cancer Res., 1,
18-21.

Marquis ST, Rajan JV, Wynshaw-Boris A, Xu J, Y G-Y,
Abel KJ, Weber BL and Chodosh LA. (1995). Nat. Genet.,
11, 17-26.

Oncogene

tumor suppressor in DNA repair and maintenance of
genetic stability.

Acknowledgements

We thank Dr Toshihiko Yanase for the KGN cell line. We also
thank Drs Richard Santen, Margaret Shupnik, and Anindya
Dutta. This study was supported by a grant to RL from the
National Cancer Institute (CA093506), and to YH from the
Department of Defense Breast Cancer Research Program
(DAMD17-03-1-0398).

McCarthy EE, Celebi JT, Baer R and Ludwig T. (2003). Mol
Cell. Biol., 23, 5056-5063.

Nishi Y, Yanase T, Mu YM, Oba K, Ichino I, Saito M,
Nomura M, Mukasa C, Okabe T, Goto K, Takayanagi R,
Kashimura Y, Haji M and Nawata H. (2001). Endocrino-
logy, 142, 437-445.

Phillips KW, Goldsworthy SM, Bennett LM, Brownlee HA,
Wiseman RW and Davis BJ. (1997). Lab. Inves., 76,
419-425.

Rajan JV, Marquis ST, Gardner HP and Chodosh LA. (1997).
Dev. Biol., 184, 385-401.

Rebbeck TR, Lynch HT, Neuhausen SL, Narod SA, Van’T
Veer L, Garber JE, Evans G, Isaacs C, Daly MB, Matloff E,
Olopade OI and Weber BL. (2002). New Engl. J. Med., 346,
1616-1622.

Richards JS. (1994). Endo. Rev., 15, 725-751.

Richards JS. (2001). Mol. Endocrinol., 15, 209-218.

Sasano H and Harada N. (1998). Endocrine Rev., 19,
583-607.

Simpson ER, Clyne C, Rubin G, Boo WC, Robertson K, Britt
K, Speed C and Jones M. (2002). Annu. Rev. Physiol., 64,
93-127.

Simpson ER and Davis SR. (2001). Endocrinology, 142, 4589—
4594,

Starita LM and Parvin JD. (2003). Curr. Opin. Cell Biol., 15,
345-350.

Tekmal RR, Kirma N, Gill K and Fowler K. (1999).
Endocrine-Related Cancer, 6, 307-314.

Turner KJ, Macpherson S, Millar MR, McNeilly AS, Williams
K, Cranfield M, Groome NP, Sharpe RM, Fraser HM and
Saunders PTK. (2002). J. Endocrinol., 172, 21-30.

Venkitaraman AR. (2002). Cell, 108, 171-182.

Yue W and Brodie AMH. (1997). J. Steroid Biochem. Mol.
Biol., 63, 317-328.

Zhou D and Chen S. (1999). Arch. Biochem. Biophys., 371,
179-190.



