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A recent study of breast cancer patients with and without
BRCA1 gene mutations found significantly lower levels of VEGF
in serum from patients with BRCA1 mutations (Tarnowski, B.,
Chudecka-Glaz, A., Gorski, B., and Rzepka-Gorska, I. (2004)
Breast Cancer Res. Treat. 88, 287–288). Here, we describe a pos-
sible mechanistic explanation for this correlation. Because
hypoxia in tumors stimulates VEGF expression and secretion we
hypothesized that altered BRCA1 protein levels in breast tumors
could affect hypoxia-stimulated VEGF promoter activity. This
possibility was tested in cells transfected with various combina-
tions of expression plasmids for BRCA1, BRCA1 specific inhibi-
tory RNAs (BRCA1-siRNAs), HIF-1�, and a VEGF promoter-re-
porter and then incubated in normoxia (21%, O2) or hypoxia
(0.1%, O2). As predicted, increased BRCA1 levels enhanced both
hypoxia-stimulated VEGF promoter activity and the amounts of
VEGF mRNA, as determined by semiquantitative RT-PCR and
quantitative real time PCR. Using the ChIP assay, we discovered
that BRCA1 could be recruited to the endogenous human VEGF
promoter along with HIF-1� following hypoxia. An interaction
between BRCA1 and HIF-1� was found in human breast cancer
cells. We also found that hypoxia-stimulated VEGF promoter
activity and secretion was reduced in cells containing reduced
amounts of endogenous BRCA1 protein (obtained by transfect-
ing with BRCA1 siRNAs). A mechanistic explanation for these
effects is provided by our finding a reduced half-life and reduced
accumulation ofHIF-1� in hypoxic cells transfectedwithBRCA1-siR-
NAs and that proteasome inhibitors blocked these effects of BRCA1-
siRNAs. Thus, our results suggest that normal amounts of BRCA1
function in hypoxia to regulate HIF-1� stability, probably by inter-
acting with HIF-1�.

The gene encoding the breast cancer susceptibility gene 1 (BRCA1),2

which is frequently mutated in the germline of women with a genetic

predisposition to breast and ovarian cancers, was cloned in 1994 (1).
Although somatic mutations inactivating BRCA1 are rare in sporadic
breast cancers, BRCA1 levels are often decreased or undetectable in
cells of these cancers. These reduced BRCA1 levels, whether reflecting
promoter methylation or other causes, suggests a role for normal levels
of BRCA1 in protecting against non-hereditary tumors (2, 3). Although
the specific functions of BRCA1 that contribute to tumor suppression
remain unknown, functions related to its roles in regulating the cell
cycle, transcription and DNA damage repair have been suggested
(reviewed in Ref. 4).
Reports describing new roles for BRCA1 in regulating transcription

activity continue to increase. The earliest evidence showed that a con-
served acidic domain of BRCA1 can activate transcription in both yeast
and mammalian cells when fused to the GAL4 DNA binding domain
(5). Although BRCA1 is not known to bind directly to specific DNA
sequences, it may regulate transcription through several indirect mech-
anisms; by interactingwith components of the basal transcription factor
(e.g. RNA helicase A and RNA pol II), by interacting with transcription
coactivators and corepressors (e.g. p300 and its functional homologCBP
(the CREB-binding protein), retinoblastoma 1 (RB1), by interacting
with RB-associated proteins (RbAp46/48), by interacting with several
histone deacetylases (HDAC-1/2), and/or by interactingwith sequence-
specific transcription factors (e.g. p53, c-Myc, estrogen receptor, and
other proteins)) (6–11).
Increased VEGF levels are considered to be an important marker of

the aggressiveness of breast cancer. VEGF presents about 7-fold higher
in tumor regions compared with normal adjacent breast tissue (12).
Multiple studies have shown that VEGF secretion by tumor cells is
required for the early stages of breast tumor growth (13, 14). Consistent
with these observations, other experiments have shown that inhibition
of angiogenesis, by anti-angiogenic agents such as angiostatin and
endostatin, resulted in reduced tumorigenesis and/or some regression
of established tumors (15–18). In addition, VEGF expression was found
to be essential for the survival of metastatic breast carcinoma cells (19).
VEGF expression is regulated by estradiol. A recent study shows that
BRCA1 interacts with ER-� to inhibit estrogen-induced VEGF expres-
sion and secretion (20).
In response to hypoxia, HIF-1�, a major hypoxia-inducible transcrip-

tion factor, becomes stabilized, translocates into the nucleus, binds to
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ARNT, forming HIF-1��ARNT heterodimers (21). The heterodimeric
complex acts as a transcription factor, regulating a variety of hypoxia-
inducible target genes, including VEGF (22). In this study, we investi-
gated whether and how BRCA1 affects hypoxia-induced VEGF expres-
sion or secretion.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The human breast cell lines (MCF-7,
MCF-10A, and T47D) were purchased from the American Type Cul-
ture Collection, and the human embryonic kidney cell line (HEK293T)
was obtained from the Tissue Culture Shared Resource, at Georgetown
University (Washington, D. C.). All cell lines were grown in Dulbecco’s
modified Eagle’s medium, fetal bovine serum (10%), L-glutamine (5
mM), non-essential amino acids (5 mM), penicillin (100 units per ml),
and streptomycin (100 mg per ml). All cell culture reagents were
obtained from Bio Whittaker (Walkersville, MD). Several proteasome
inhibitors, including ALLN, MG115 and epoxomycin were purchased
from Peptides International (Louisville, KY).

Subcellular Fractionation—Biochemical fractionation of the cells
was done using the Nuclear Extract kit (Panomics) following the man-
ufacturer’s protocol.MCF-7 cells grown in 100-mm tissue culture plates
were transfected with siRNAs (control versus BRCA1) for 72 h and then
incubated in hypoxia for 6 h, when the cells were washed twice with
ice-cold phosphate-buffered saline and lysed on ice for 10 min in Buffer
A mix (10 mM HEPES, pH 7.9, 10 mM KCl, 10 mM EDTA, 4% IGEPAL,
10 mM dithiothreitol, protease inhibitor mixture) with shaking. Cells
were harvested and centrifuged at 15,000 rpm for 3 min. The superna-
tant (cytoplasmic fraction) was collected in a tube; the nuclear pellet
remained. The nuclear pellet was resuspended in Buffer B mix (20 mM

HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 10% glycerol, 10 mM dithio-
threitol, protease inhibitor mixture) was incubated on a rocking plat-
form at 4 °C for 2 h. The mixture was centrifuged at 15,000 rpm for 5
min, and the supernatant (nuclear extract) was collected. 25 �g of the
cell fractions were resolved on a 7.5% SDS-PAGE gel and probed with
antibodies against BRCA1 and ARNT.

Quantitative Real Time PCR (qRT-PCR)—qRT-PCR was performed
using ABI PRISM 7900HT Sequence Detection System (Applied Bio-
systems, Foster City, CA) with a standard temperature protocol and 2�
SYBR Green PCR Master Mix reagent (Applied Biosystems) in a 20-�l
volume in triplicate as previously described (23). As a control, the
mRNA level of �-actin was determined in the real time PCR assay for
each RNA sample and was used to correct for experimental variations.
The following primer sequences were used: VEGF121 forward primer
was 5�-ccc tga tga gat cga gta cat ctt-3�, and VEGF121 backward primer
was 5�-gcc tcg gct tgt cac att tt-3�. The VEGF121 forward primer was
also used as the VEGF165 forward primer. The VEGF165 backward
primer was 5�-agc aag gcc cac agg gat tt-3�. VEGF121 and VEGF165 are
two most abundant VEGF mRNA isoforms.

Semiquantitative RT-PCR—Semiquantitative reverse transcription-
PCR assays were performed as described previously (24). �-Actin,
whose expression is unaffected by BRCA1 overexpression or hypoxia,
was used as a loading control. The PCR products were loaded on a 1%
agarose gel, stained with ethidium bromide (0.1 mg per ml), and photo-
graphed with a digital camera under UV illumination.

Transient Transfection of DNA and Luciferase Assays—The HIF-1�

expression vector (pCEP4-HIF-1�), the VEGF promoter-reporter plas-
mid (pVEGF-kpnI-Luc containing the 2.6-kbVEGFpromoter in pGL2),
p11wt (the VEGF promoter containing the wild-type HRE in the pGL2
vector), and p11mt (the VEGF promoter containing a mutated HRE in
the pGL2 vector) were purchased from ATCC. For assaying promoter

activity, subconfluent proliferating cells in 24-well plates were trans-
fected with various expression vector(s) (125 ng per well) and luciferase
reporter plasmid (125 ng per well), unless indicated otherwise in the
figure legends, using Lipofectamine Plus (Invitrogen). Luciferase activ-
ity values (minus background) were normalized to the control (reporter
only) and expressed as means � S.E. of quadruplicate wells. We repeated
these promoter reporter experiments at least three times. Measured lucif-
erase activity levels were normalized to relative transfection efficiencies,
which were monitored using the control plasmid pCMV-�-gal as previ-
ously described (24).

Transfection of siRNAs—The BRCA1-siRNA-1, BRCA1-siRNA-3,
and control (scrambled)-siRNA were previously described (24, 25).
These siRNAs were chemically synthesized and provided by Dharma-
con (Boulder, CO). For siRNA treatments, subconfluent proliferating
cells were transfected with each siRNA (50 nM), using Lipofectamine
2000. The cells were incubated with siRNA for 48 or 72 h prior to the
start of the experiment (cotransfection with fresh siRNA and a reporter

FIGURE 1. Effects of BRCA1 and HIF-1� on hypoxia-induced VEGF promoter activity.
A, effect of exogenous BRCA1 and HIF-1� on VEGF reporter activity. Exponentially pro-
liferating cells (MCF-7) were transfected with various combinations of pVEGF-kpnI-Luc
(125 ng), HIF-1� (125 ng), and either of two doses of a BRCA1 expression vector (125 ng
or 250 ng), incubated for 24 h and then exposed to hypoxia (0.1%, O2) for 6 h, harvested,
and assayed for luciferase activity as described under “Experimental Procedures.” Trans-
fection of HIF-1� alone into MCF-7 cells induced statistically significant pVEGF-kpnI-Luc
activity under hypoxic condition ( p � 0.005 for comparisons of cells transfected with or
without the HIF-1� expression vector in 0.1% O2) and co-transfections with both the
BRCA1 and HIF-1� expression vectors further enhanced this expression ( p � 0.005 for
comparisons between cells transfected with and without the BRCA1 expression vector,
in the presence of exogenous HIF-1�). B, role of the HRE in BRCA1-enhanced, HIF-1�-
induced VEGF promoter activity during hypoxia. To determine if the ability of BRCA1 to
affect VEGF promoter activity during hypoxia might require interaction between the HRE
and HIF-1�, cells were transfected with either p11wt-Luc, p11mt-Luc, or empty vector
(125 ng) plus HIF-1� and BRCA1 expression vectors (125 ng of each) as indicated in the
figure, incubated for 24 h, and then exposed to hypoxia (0.1%, O2) for 6 h before meas-
uring luciferase activities. As in A, BRCA1 significantly enhanced HIF-1�-induced Luc
activity under hypoxic conditions when the VEGF promoter contained a wild-type HRE
( p � 0.005 for comparisons of cells transfected with and without the BRCA1 expression
vector). In contrast, neither HIF-1� alone nor HIF-1� plus BRCA1 induced statistically
significant increased amounts of reporter activity in cells transfected with the HRE
mutant reporter plasmid (p11mt-Luc).
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plasmid as described in the figure legends). The control siRNA had no
effect on BRCA1 levels and siRNAs (BRCA1 or control) were not toxic
to the cells under these experimental conditions, as determined using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays (data not shown). Alternatively, we used DNA-based siRNA
(pKD-negative control (NC) empty vector and pKD-BRCA1 siRNA
expression vector) (Upstate Biotechnology).

Immunoprecipitation (IP) and Western Blotting (WB)—All IP proce-
dures were carried out at 4 °C. Cells grown on 100-mm dishes were
washed twice with 1� PBS before lysis. Then, cells were lysed in a buffer
(50 mM Tris, pH 8.0, 150 mMNaCl, 1% Nonidet P-40) and immunopre-
cipitated with either anti-HIF-1� rabbit polyclonal antibody (H-206,
Santa Cruz Biotechnology) or a combination of anti-BRCA1 mouse
monoclonal antibodies against N- and C-terminal epitopes on BRCA1
(Ab-1 � Ab-2 � Ab-3, Oncogene Research Products) as previously
described (11). Immunoprecipitated proteins were run on SDS-PAGE
gels, andWestern blots were analyzed using anti-HIF-1� mousemono-
clonal antibody (Transduction Laboratories) and anti-BRCA1 rabbit
polyclonal antibody (C-20, Santa Cruz Biotechnology) as the primary
antibodies. Anti-GFP mouse monoclonal antibody (BD Sciences, Inc)
was also used for IP and WB to detect transfected GFP-HIF-1�. The
membranes were then washed and incubated with horseradish peroxi-
dase-conjugated secondary antibodies for 1 h at room temperature. The

bound secondary antibodies were visualized by enhanced chemilumi-
nescence (ECL) (Santa Cruz Biotechnology) detection kits using Fuji
x-ray films.

Chromatin Immunoprecipitation (ChIP) Assay—The ChIP assay was
performed according to the protocol provided with the ChIP assay kit
(Upstate Biotechnology). MCF-7 and HEK293T cells exposed to
hypoxic gas (0.1%, O2) for the times indicated in the figure legends were
cross-linked by adding formaldehyde to a final concentration of 1% and
incubating at 37 °C for 10 min. Then, cells were washed with 1� phos-
phate-buffered saline and sonicated to yield DNA fragments ranging in
size from200 to 1000 base pairs. Sonicated samples were centrifuged for
10 min at 4 °C (13,000 rpm), supernatants recovered, diluted 10-fold
into ChIP dilution buffer, and then precleared by incubating with 75 �l
of salmon sperm DNA/protein A-agarose-50% slurry for 30 min at 4 °C
with agitation to reduce the nonspecific interaction of chromatin DNA
with the agarose. Supernatants were immunoprecipitated with each
antibody (ARNT,HIF-1�, BRCA1) or control IgG. The anti-ARNT rab-

FIGURE 2. Effects of BRCA1 on the endogenous levels of hypoxia-induced VEGF121
and VEGF165 mRNA. A, agarose gel analysis. Exponentially proliferating HEK293T cells
were transiently transfected with empty vector (pCDNA3) or the BRCA1 expression vec-
tor, incubated for 24 h and then exposed to hypoxia (0.1%, O2) for 6 h when total RNA was
extracted used for semiquantitative RT-PCR. The gel image presented is representative
of three independent experiments. B, quantitative analysis of agarose gel densitometry
data. Each PCR band on photographs of the three agarose gels was quantitated using
densitometry, and means � S.E. of these values were calculated. BRCA1 overexpression
significantly enhanced hypoxia-induced VEGF121 and VEGF165 mRNA expression ( p �
0.005 for comparisons of cells transfected with or without BRCA1 in 0.1% O2). C, confir-
mation of PCR results. Real time PCR were performed in quadruplicate in three inde-
pendent experiments to confirm the findings shown in A and B. �-Actin was used as the
loading control for semiquantitative RT-PCR and to normalize the quantitative real time
PCR results. The results were normalized to the control (reporter only) in 21% O2 and are
presented as bar graphs showing the means � S.E. The effect of overexpressing BRCA1
on hypoxia-induced VEGF expression is statistically significant for both VEGF mRNAs
( p � 0.005).

FIGURE 3. The effect of hypoxia on ChIP assays for genomic VEGF promoter DNA. A,
agarose gel analysis of PCR products. Exponentially proliferating cells exposed to
hypoxia for the times indicated were harvested for ChIP assays as described under
“Experimental Procedures.” (Protein-DNA cross-linked samples were immunoprecipi-
tated with the indicated antibodies or control IgG, processed, and used as templates for
PCR reactions to measure relative amounts of the HRE element-containing region of the
genomic VEGF promoter DNA that had been immunoprecipitated.) B, densitometer trac-
ings of the results in A. The amount of each PCR product band was quantitated by
densitometry for three independent experiments, and means � S.E. were calculated.
Statistically significant increases ( p � 0.005) of VEGF promoter DNA were observed for
chromatin immunoprecipitated with the BRCA1, ARNT, and HIF-1� antibodies in hypoxic
versus normoxic conditions. C, negative controls: as in A except that the primers were for
genomic VEGF promoter sequences lacking known HRE sites.
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bit polyclonal antibody was H-172 (Santa Cruz Biotechnology). The
antibodies for HIF-1� and BRCA1 were the same as used for IPs (see
above). Immunoprecipitated complexes were eluted from the beads
(with 1% SDS, 0.1 M NaHCO3), the DNA was separated from protein
(as described in the ChIP kit), and used as templates for PCR reactions.
The genomic primer sequences, designed to amplify the HRE element-
containing region of the VEGF promoter, used as previously described
(27), were: VEGF forward primer (5�-aca gac gtt cct tag tgt tgg-3�) and
VEGF reverse primer (5�-agc tga gaa cgg gaa gct gtg-3�). As negative
controls, we used two sets of primers for regions of the genomic VEGF
promoter that do not have any known HRE sites, as follows: for NC-1
(negative control primer set 1): forward primer (5�-gga cac cat acc gat
gga ac-3�) and reverse primer (5�-ccc ctt ttc ctc caa ctc tc-3�) and for
NC-2 (negative control primer set 2): forward primer (5�-gaa ttc tgt gcc
ctc act cc-3�) and reverse primer (5�-gta gac atc ttg ggg cag ga-3�).

VEGF Secretion Assay—Cells were transiently transfectedwith either
control (scrambled)-siRNA or BRCA1-siRNA as previously described
(24). The next day the medium was changed to serum-free Dulbecco’s
modified Eagle’s medium. After 48 h, cells were exposed to hypoxic gas
(0.1%, O2) for an additional 16 h when the supernatants were collected
for a VEGF secretion assay, which was measured using a Quantikine
human VEGF ELISA immunoassay (R&D Diagnostics, Minneapolis,

MN). The values obtained were normalized to the total protein concen-
tration in the total cell extracts prepared from each dish.

Hypoxic Treatment—Human cells were dispensed into a 100-mm
culture dishes. The dishes were placed in a sealed hypoxia chamber
(Billups-Rothenberg, Del Mar, CA) equilibrated with a humidified 5%
CO2 atmosphere or with certified gas containing 0.1% O2, 5% CO2, and
94% N2 (28).

BRCA1Mutants—Thepanel of BRCA1mutant constructs are shown
in Fig. 4A. The 5382insC mutant (Q1756term), which is commonly
found inAshkenazi Jews, a populationwith a significantly increased risk
for BRCA1mutant breast cancers (29–31), encodes a truncated protein
missing part of the C-terminal transcriptional activation domain (TAD).
The C5365Gmutant, (p1749R) encodes a full-length BRCA1 protein con-
taining a pointmutation in theC-terminalTADregion that abolishesTAD
activity (5). The 5677insAmutant, (Y1853term), encodes a near full-length
BRCA1 protein that is missing only the last 11 amino acids. This muta-
tion reduces TAD activity. The T300G mutant (61Cys3 Gly), encodes
a full-length protein whose single point mutation inactivates the N-ter-
minal RING finger domain function (11).

Statistical Methods—Statistical comparisons (of densitometer trac-
ings of digital images (of either agarose gels or x-ray films) or of graphically
determined half-lives from each of three independent experiments) were

FIGURE 4. Effect of BRCA1 mutants on hypoxia-
stimulated VEGF promoter activity. A, genetic
maps. Diagrams of wtBRCA1 and mutant BRCA1
(5382insC, C5365G, 5677insA, and T300G) expres-
sion vector constructs. B, effect of BRCA mutants
on reporter activity. MCF-7 cells were co-trans-
fected with pVEGF-kpnI-Luc, HIF-1�, and either
wtBRCA1 or one the mutant BRCA1s as indicated.
24 h later, cells were treated with or without 0.1%
hypoxic gas for 6 h. pCMV-�-gal and pCDNA3 vec-
tors were included as controls for data normaliza-
tion. The data are presented as bar graphs of the
means � S.E. of quadruplicate wells of three inde-
pendent experiments. C, Western blot of the rela-
tive wild-type and mutant BRCA1 protein levels in
the cells analyzed in B.
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made using the two-tailed Student’s t test where appropriate. The symbols
used in the figures (*) and (**), indicatep� 0.05 andp� 0.005, respectively.

RESULTS

Effects of BRCA1 onHIF-1� Transcriptional Activity—In this study, a
concentration of 0.1% O2 was used to induce hypoxia. This hypoxic
condition is physiologically relevant, for some breast cancer tissues have
extremely low O2 concentrations (0 to 0.3% O2) (32–34). To determine
if BRCA1 affects hypoxia-induced VEGF expression, we used a VEGF
promoter-reporter system. Following transient co-transfection with
HIF-1� and pVEGF-kpnI-Luc, reporter plasmid activity was measured
after 6 h of hypoxia. Higher reporter activity under our hypoxic condi-
tions was observed in extracts of HIF-1�-transfected cells than in
extracts of cells lacking the HIF-1� expression vector. Co-transfection
of MCF-7 cells with BRCA1 and the HIF-1� expression vector further
enhanced activity from the VEGF promoter construct (Fig. 1A). The
amount of this effect depends on the amount of BRCA1 plasmid DNA
(Fig. 1A). Thus, under hypoxia, a statistically significant effect on
reporter activity was observed when only HIF-1� was overexpressed,
and this effect was significantly more enhanced when BRCA1 was also
overexpressed. To determine if this ability of BRCA1 to enhance HIF-
1�-induced VEGF promoter activity requires the presence of a func-
tional HRE (hypoxia response element) in the VEGF promoter, cells
were co-transfected with three plasmids, BRCA1, HIF-1�, and a VEGF
reporter plasmid containing either a wild-type HRE (p11wt) or an HRE
containing a pointmutation (p11mt) and then incubated under hypoxic
conditions and assayed for luciferase reporter activity. The results show
that exogenous BRCA1 has no independent ability to enhance activity
from a VEGF promoter under hypoxic conditions when this promoter
contains a mutation blocking its responsiveness to exogenous HIF-1�

(Fig. 1B). This finding suggests that BRCA1 may alter VEGF promoter
activity via protein-protein interactions rather than by protein-DNA
interactions.TodirectlydeterminewhethertheBRCA1-enhanced,HRE-
dependent VEGF reporter activity reflects, at least in part, increased
transcription, we measured the effect of overexpressed BRCA1 on
endogenous VEGF mRNA levels. For this test, HEK293T cells were
transfected with BRCA1 or empty vector and exposed to hypoxic con-
ditions for 6 h when total RNA was isolated and used for semiquantita-
tive RT-PCR (Fig. 2, A and B) and quantitative real time PCR (Fig. 2C).
As expected, we found that BRCA1 increased the amounts of the two
most abundant endogenous isoforms of VEGF mRNA (VEGF121 and
VEGF 165) in cells exposed to hypoxic conditions (Fig. 2) (p� 0.005 for
comparisons of cells transfected with pCDNA3 versus BRCA1 under
hypoxia).

BRCA1 Is Recruited to VEGF Promoter Regions—ChIP was used to
identify and quantitate interactions of proteins with specific genomic
regions. Because BRCA1 is known to regulate transcriptional activity by
directly interacting with various transcription factors, it is possible that
BRCA1 (and other factors) are recruited to the endogenous VEGF pro-
moter during hypoxia. Indeed, significantly increased binding of HIF-
1�, ARNT, and BRCA1 to the promoter region of the endogenous (wild
type, HRE-containing) VEGF promoter was found in both MCF-7 and
HEK293T cells after either 6 or 16 h of hypoxia (Fig. 3, A and B) (p �
0.005 for each protein in cells incubated in hypoxia versus normoxia).
The negative control, rabbit IgG, could not precipitate detectable
amounts of chromatin containing VEGF promoter DNA. Combined,
these results suggest that the observed enrichment of VEGF promoter
sequences in ChIPs precipitated by specific antibodies reflect increased
interaction between the targeted proteins and genomicVEGF promoter
DNA.Our two sets of negative control primers (VEGF-NC1 andVEGF-

NC2), from regions of the genomic VEGF promoter that do not have
any known or putative HRE binding sites, did not yield detectable
amounts of VEGF promoter DNA under any of the tested conditions
(Fig. 3C).

BRCA1 Sequences Important for Regulating the Enhanced VEGF Pro-
moterActivity—Tobegin identifying regions(s) of BRCA1 important for
regulating VEGF-reporter plasmid activity under hypoxic conditions
we used the panel of BRCA1 mutant constructs shown in Fig. 4A. Two
of the BRCA1 mutants (5677insA and C5365G) significantly (but only
partially) impaired BRCA1 ability to enhance hypoxia-mediated VEGF
expression (p � 0.005 or 0.05), one (T300G) was completely defective
(p � 0.005) and one (5382insC) had no detectable defect in stimulating
hypoxia-inducedVEGF (Fig. 4B). These differences cannot be explained
simply as differences in BRCA1 protein levels produced by the different
expression vectors (Fig. 4C).

BRCA1 and HIF-1� Interact—Because BRCA1 can regulate tran-
scription activity via physically interacting with various transcription
factors, we looked for potential interactions between endogenous
BRCA1 and endogenous HIF-1� by using standard IP-Western blot
(WB) analysis. Following IP performed with anti-BRCA1 antibodies the
precipitated proteins were analyzed by WB. HIF-1� protein was
detected in the total lysates only in samples from cells incubated in the
hypoxic condition (Fig. 5A). This hypoxia-dependent interaction did
not significantly affect total BRCA1 protein levels (although as
expected, hypoxia did increase HIF-1� levels in this experiment). As a
positive control, to be sure that our IP assay could detect BRCA1-
HIF-1� interactions under normoxic conditions, if they occurred, the
BRCA1 expression vector was co-transfected with a GFP-HIF-1�

expression vector into HEK293T cells. Cell lysates were prepared and
precipitated with either an anti-GFP antibody or anti-BRCA1 antibod-
ies. Western blot analysis revealed that BRCA1 was present in IP com-
plexes precipitated with the anti-GFP antibody and that GFP-HIF-1�

FIGURE 5. Interactions between BRCA1 and HIF-1� under hypoxic and normoxic
conditions. A, interactions between endogenous proteins. Total extracts of MCF-7 cells
incubated in either normoxia (21%, O2) or hypoxia (0.1%, O2) for 6 h were immunopre-
cipitated using anti-BRCA1 antibodies. The presence of HIF-1� or BRCA1 in the immuno-
precipitated complexes was determined by Western blot analysis. B, interactions
between exogenous proteins. Total normoxic extracts of HEK293T cells were prepared
24 h after co-transfection with GFP-HIF-1� and BRCA1 expression vectors and immuno-
precipitated with either anti-GFP or anti-BRCA1 antibodies. The immunoprecipitates
were analyzed by our standard Western blot method.
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was present in IP complex precipitated with the anti-BRCA1 antibodies
(Fig. 5B). However, neither protein was detected in samples precipi-
tated with control antibodies (mouse IgG) or in samples transfected
with empty vector (GFP), suggesting that normoxic conditions,
per se, do not block BRCA1 and HIF-1� from being able to interact,
directly or indirectly.

Endogenous BRCA1 Levels Affect Hypoxia-induced VEGF Promoter
Activity and Endogenous VEGF Protein Secretion—We employed small
inhibitory RNA (siRNA) to evaluate whether endogenous BRCA1 protein
levels affect hypoxia-induced VEGF gene expression and secretion (Fig. 6).
We designed two BRCA1-siRNAs (BRCA1-siRNA-1 and BRCA1-siRNA-
3), complementary to two different regions of the BRCA1 gene, to avoid
potential artifacts resulting from inappropriate siRNAsequences (35).Cells
transfectedwith siRNA for 48 hwere then co-transfectedwith the pVEGF-
kpnI-Luc reporter and fresh siRNA, incubated for 24h and then exposed to
our standard hypoxic condition for an additional 6 h,when luciferase activ-
ity was measured. Both BRCA1-siRNA constructs significantly reduced
hypoxia-induced VEGF-Luc reporter activity when compared with the
control (Fig. 6A; p � 0.005). In addition, reducing endogenous BRCA1
levels by either siRNA construct also reduced secretion of endogenous
VEGF protein following hypoxia (Fig. 6B; (p � 0.005). However, this
reduced VEGF secretion may reflect, at least partially, reduced VEGF
induction in these BRCA1-depeleted hypoxic cells. Note that BRCA1
siRNA treatments did not significantly reduce either total or secreted levels
of VEGF (or VEGF promoter activity) in the absence of hypoxia. The
molecular basis for the apparent BRCA1 level, independence of normoxic
VEGF levels, has not been investigated.

BRCA1 Regulates HIF-1� Stability—Proteasome-mediated degrada-
tion is known to regulate HIF-1� protein stability (36). In particular, the
rapid degradation of HIF-1� that occurs under normoxia is blocked
under hypoxic conditions (36). These observations suggest a mecha-
nism for how BRCA1 levels could affect HIF-1�-dependent transcrip-
tional activity during hypoxia: perhaps BRCA1 influences HIF-1� sta-
bility under hypoxic conditions. To test this hypothesis, we first
examined the effect of BRCA1-siRNAs on the steady state levels of
endogenous HIF-1� protein. In the absence of hypoxia, BRCA1 siRNA

FIGURE 6. The effect of endogenous BRCA1 levels on hypoxia-induced VEGF pro-
moter activity and VEGF secretion. A, effect of BRCA1 siRNAs on VEGF promoter activ-
ity. HEK293T cells were transiently transfected with control-siRNA, BRCA1-siRNA-1 or
BRCA1-siRNA-3 for 48 h when the remaining siRNA was removed. The cells were then
immediately co-transfected with the pVEGF-kpnI-Luc reporter construct and the same
siRNAs, (freshly prepared), incubated for 24 h, and then exposed to hypoxia for 6 h before
luciferase activity was measured. The activity levels, relative to the control luciferase
activity (control-siRNA in normoxia), are presented as bar graphs of the means � S.E. of
four wells from each of three independent experiments. The effects of both BRCA1 siR-
NAs on hypoxia-induced VEGF-Luc reporter activity was statistically significant ( p �
0.005). B, effect of BRCA1 siRNAs on hypoxia-induced secretion of endogenous VEGF.
VEGF secretion into the medium was measured with a VEGF ELISA kit (see “Experimental
Procedures”). Cells (T47D) transiently transfected with control-siRNA, BRCA1-siRNA-1, or
BRCA1-siRNA-3 for 48 h were exposed to hypoxia or normoxia for an additional 16 h
(without removing the siRNAs) when the amount of VEGF secreted into the medium was
measured. The values presented as bar graphs give the means � S.E. of quadruplicate
wells from three independent experiments. The effects of both BRCA1 siRNAs on the
secretion of endogenous VEGF protein are statistically significant under hypoxic condi-
tions ( p � 0.005) but not under normoxic conditions.

FIGURE 7. The effect of endogenous BRCA1 pro-
tein levels on HIF-1� inducibility under hypoxic
conditions. A, exponentially proliferating MCF-7
cells transiently transfected with 50 nM of either con-
trol-siRNA or BRCA1-siRNA-1 for 72 h were exposed
to hypoxic stress (and fresh siRNAs) for an additional
16 h, when nuclear (NE) and cytosol extracts (CE)
were prepared as described under “Experimental
Procedures” and analyzed by Western blots. B,
results from A and two additional independent
experiments were quantitated by densitometry and
are presented as bar graphs of means � S.E. C, expo-
nentially proliferating MCF-10A cells were trans-
fected with siRNA (BRCA1 versus control) for 72 h and
then exposed to hypoxia for 0, 8, or 24 h before total
cell extracts were prepared and used for Western
blot analysis with anti-BRCA1 and anti-HIF-1� anti-
bodies. �-actin antibody was used for the transfer
and loading control. D, results from C and two addi-
tional independent experiments were quantitated
and are presented as bar graphs of the means � S.E.
The Western blots shown in A and C are representa-
tive of triplicate experiments. Reduced HIF-1�
inducibility following hypoxic stress in BRCA1-de-
pleted cells, compared with the control, was statisti-
cally significant ( p � 0.005).
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treatment had little or no effect on basal HIF-1� levels. However, under
hypoxic conditions, and as expected, BRCA1-siRNA pretreatments, of
either MCF-7 (Fig. 7, A and B) or MCF-10A (Fig. 7, C and D) cells,
significantly reduced subsequent hypoxia-induced HIF-1� accumula-
tion, either in nuclear extracts (Fig. 7B) or in total cell extracts (Fig. 7D;
p � 0.005 for comparisons of cells transfected with control-siRNA ver-
sus BRCA1-siRNA).
We then tested whether the effect of BRCA1 on HIF-1� accumula-

tion under hypoxic conditions could reflect altered HIF-1� stability.
Cells transfected with BRCA1-siRNAswere exposed to hypoxia for 20 h
and then treated with various proteasome inhibitors for an additional
4 h under hypoxic conditions (Fig. 8). Each proteosome inhibitor treat-
ment significantly increased HIF-1� accumulation (in comparison to
Me2SO alone) only in cells containing reduced endogenous BRCA1
levels (Fig. 8; p � 0.005). This finding suggests that reducing BRCA1
levels under hypoxic conditions contributes to amore rapid degradation of
HIF-1�. To directly test whether reduced BRCA1 levels in hypoxic cells is
associated with decreasedHIF-1� stability, wemeasuredHIF-1� half-lives

(Fig. 9). For this test cellswere transfectedwith expression plasmids encod-
ing either control-siRNA (pKD-NC) or BRCA1-siRNAs (pKD-BRCA1),
then exposed to hypoxia and then treated, under hypoxia, with cyclohexi-
mide for up to 30min. Indeed, reducing the endogenous BRCA1 level had
a rapid and significant effect on the stability of HIF-1� under hypoxic con-
ditions (p � 0.005 for the difference between hypoxic cells with and with-
out BRCA1 knockdown at each time point after adding 100 �g/ml cyclo-
heximide). Consequently, reducing endogenous BRCA1 levels also
significantly shortened theHIF-1� half-life under hypoxic conditions (p�
0.005). Finally, since reduced levels of BRCA1 reduce HIF-1� half-lives
under hypoxic conditions, we also tested whether increasing the level of
BRCA1, by transient transfection, would increase the stability of endoge-
nous HIF-1�. For this test (Fig. 10) we transfected cells with expression
vectors for either wtBRCA1 or the T300G BRCA1 mutant and measured
HIF-1� half-lives under hypoxic conditions as described for the Fig. 9
experiment. The T300Gmutant did not increase VEGF promoter activity

FIGURE 8. The effect of proteasome inhibitors on endogenous HIF-1� protein levels
in hypoxic cells containing reduced levels of endogenous BRCA1 protein. A, MCF-7
cells transiently transfected with control-siRNA or BRCA1-siRNA-1 for 72 h, were exposed
to hypoxia for 20 h. when various proteasome inhibitors, including ALLN (50 �M), MG115
(10 �M), and epoxomycin (1 �M), were added, and the hypoxic condition continued for an
additional 4 h. The accumulation of endogenous HIF-1� protein with or without various
proteasome inhibitors was determined by using an anti-HIF-1� antibody in Western blot
analysis. The effects of the BRCA1-siRNA treatments on BRCA1 protein levels were mon-
itored on Western blots with an anti-BRCA1 antibody (C-20). A �-actin antibody was used
to normalize densitometer tracing values for differences in loading and transfer efficien-
cies. This experiment was repeated three times with similar results. B, bar graphs pre-
senting calculated means � S.E. of densitometer tracings values from three independent
experiments of A. Each proteasome inhibitor (in comparison to Me2SO alone) signifi-
cantly increased HIF-1� accumulation in cells transfected with BRCA1 siRNA but not in
cells transfected with control siRNA ( p � 0.005).

FIGURE 9. The effect of endogenous BRCA1 levels on the half-life of HIF-1� in
hypoxic cells. A, lysates of cells transfected with DNA-based siRNA expression vectors
(pKD-NC versus pKD-BRCA1) for 72 h, then exposed to hypoxia for 16 h, and then treated
with CHX (100 �g/ml) for the indicated time periods under hypoxic were used for West-
ern blotting analysis with anti-HIF-1� and anti-BRCA1 antibodies. B, mean intensities
(� S.E.) of the HIF-1� signals from triplicate experiments was calculated from densitom-
eter tracings, normalized to �-actin and plotted relative to a control sample (pKD-NC
transfected but not CHX treated) that was set at 1. C, relative amounts of the HIF-1�
signals, normalized to the values obtained in the absence of CHX, were plotted and used
to calculate half-lives from each of three independent experiments (data not shown) and
from the combined data (shown here). BRCA1 depletion significantly reduced the HIF-1�
half-life ( p � 0.005). In addition, the amounts of HIF-1� in CHX-treated cells, relative to
the 0 time points, is reduced significantly more at each time point in the BRCA1-depleted
hypoxic cells than in non-depleted BRCA1 cells ( p � 0.005).
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under hypoxic conditions as much as wt BRCA1 (as also seen in Fig. 4).
Most importantly, the increased level of wtBRCA1 is associated with a
statistically significant increased half-life of the endogenous HIF-1� (p �
0.005; Fig. 10G) when compared with cells over-expressing the T300G
mutantBRCA1.Thishalf-life is also increasedabout2-foldwhencompared
with cells having a normal wtBRCA1 level (compare with Fig. 9).

DISCUSSION

The data presented here suggest a critical role for BRCA1 in the
transcriptional regulation of VEGF expression in hypoxia. BRCA1
forms complexes with HIF-1� under hypoxic conditions (Fig. 5), and
increased BRCA1 protein levels can increase the response of the VEGF
promoter to hypoxia in a HIF-1� dependent fashion (Fig. 1). Further-
more, under hypoxic conditions functional wtBRCA1 is necessary for
maintaining the stability of HIF-1� and for inducing normal (hypoxic)
amounts of VEGF expression and secretion (Figs. 6–10). Thus, our data
strongly suggest that BRCA1 plays an important role in hypoxia-in-
duced expression of VEGF and that, most likely, BRCA1 might also be
involved in the transcriptional induction of other hypoxia-responsive
genes.
Our studies revealed that C-terminal mutants of BRCA1 (5382insC,

C5365G, and 5677insA) retained partial ability to stimulate reporter
activity whereas a point mutation in the N-terminal RING domain
(T300G) completely abrogated the ability of BRCA1 to stimulate tran-
scriptional activity in human breast cancer cells (Fig. 4). These results

suggest that both theN-terminal andC-terminal domains of BRCA1 are
necessary to fully enhance hypoxia-induced VEGF expression. More
complete mapping of the sites necessary for the interaction between
BRCA1 and HIF-1� may increase our understanding of how these
widely separated BRCA1 domains modulate hypoxia-induced gene
expression. The results of our siRNA studies (Figs. 6 and 7), (showing
that reduced endogenous BRCA1 protein levels reduce the ability of
hypoxia to induce VEGF expression) suggest that our data may be rel-
evant to sporadic breast cancers that also contain reduced amounts of
BRCA1 protein. However, the nature of this connection is not clear.
That is, because reducing BRCA1 levels reduces both VEGF expression
and potential angiogenic capacity, it is hard to understand why cancer-
promoting BRCA1 pointmutants, that presumably reduce both BRCA1
activity and angiogenesis, would nevertheless, promote tumorigenesis.
One interesting possibility for the cancer-promoting effects of reduced
BRCA1 levels is suggested by recent reports showing that the survival of
certain stem cells and/or precursor cells, or the inhibition of differenti-
ation is promoted by hypoxia (37). A recent article suggested that one
key function of BRCA1 may be as a stem cell regulator, a suggestion
based on clinicopathological features of breast cancer related to BRCA1
(38). Thus, a major effect of BRCA1 mutants on breast cancer progres-
sion may be via cancer stem cells, by intensifying hypoxia and the
hypoxic response.
Previous studies have demonstrated that HIF-1� mediated transacti-

vation requires a coactivator, such as, CBP/p300 (39, 40), SRC-1 (41), or

FIGURE 10. The effect of exogenous BRCA1 on
the stability of endogenous HIF-1� in hypoxic
cells. A, accumulation of HIF-1� protein in lysates
of HEK293T cells transfected with wt BRCA1 or
the T300G mutant for 24 h and then exposed to
hypoxia for 8 h was monitored on Western blots.
B, mean (�S.E.) amounts of HIF-1� (relative to
�-actin and then normalized to the amounts
present just before hypoxia) from three inde-
pendent experiments were calculated from densi-
tometer tracings and plotted as bar graphs, C, as in
A except that MCF-7 cells were used. D, as in B
except that the data are from three independent
experiments with MCF-7 cells. E and F, three inde-
pendent experiments with MCF-7 cells trans-
fected with wt BRCA1 or the T300G mutant and
exposed to hypoxia as in A and C were then incu-
bated with CHX (100 �g/ml) for the indicated
times, analyzed by Western blot (E), and quanti-
fied (F) as in B and plotted (G) as in Fig. 9 to graph-
ically calculate half-lives. BRCA1 overexpression
significantly increased the HIF-1� half-life ( p �
0.005). In addition, the amounts of HIF-1� in CHX-
treated cells, relative to the time 0 points, are
reduced significantly more at each time point in
the T300G-transfected hypoxic cells than in wild-
type BRCA1-transfected cells ( p � 0.005).
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TRIP230 (27). It has been reported that overexpression of BRCA1
down-regulates p300 in a subset of human cancer cell lines (42). How-
ever, ectopic expression of BRCA1 did not affect p300 protein levels in
either of the two cell types used here, MCF-7 and HEK293T (data not
shown).
Here, using theChIP assay, we demonstrated a new role for BRCA1 in

HIF-1� mediated transactivation. BRCA1 is recruited to chromosomal
sites where it is presumably part of activated transcriptional complexes
containing HIF-1� and ARNT, at least in vivo at the endogenous VEGF
promoter (Fig. 3). These data suggest that BRCA1 is a physiologically
important co-activator of HIF-1� under hypoxic stress.
Our data showed that significantly less HIF-1� accumulated in

hypoxic conditions if cells were transfected with either of two BRCA1-
siRNAs. Because BRCA1 depletion did not significantly alter HIF-1�

mRNA levels in either normoxia or hypoxia (data not shown), decreased
accumulation of HIF-1� protein during hypoxia is likely not to caused
by decreased HIF-1� gene transcription. Under normoxic conditions,
the low, barely detectable amount of HIF-1� protein was not detectably
affected byBRCA1-siRNA.Our finding showing that proteasome inhib-
itor treatments lead to an increased accumulation of HIF-1� protein in
BRCA1-siRNA transfected hypoxic cells (Fig. 8), suggests that normal
amounts of BRCA1 block proteasome-mediated degradation of HIF-1�

during hypoxia. This result suggests that BRCA1may have a role in vivo
in regulating HIF-1� ubiquitination and/or other steps of the proteaso-
mal degradation pathway. However, because BRCA1 and HIF-1�

detectably interact only under hypoxic conditions, it is more likely that the
BRCA1 effect on HIF-1� accumulation is a protein-specific effect rather
than a general effect on proteasomal-mediated degradation. Because the
von Hippel-Lindau tumor suppressor protein (VHL) degrades HIF-1� via
the proteasome-mediated degradation system, we investigated whether
BRCA1 affects VHL-mediated HIF-1� degradation (43) and found that
BRCA1 does not affect either VHL expression or VHL-mediated HIF-1�

degradation (datanot shown).Twootherhumanproteins, Jab1 andNur77,
have also been reported to interact with HIF-1� and regulate its stability
(44, 45) during hypoxia. BRCA1 levels greater than those found in the con-
trol hypoxic cells studied here appear to further increase HIF-1� protein
stability (compare Figs. 9 and 10). The physiological significance of this
effect, if any, has not been determined.
BRCA1 contains a RING finger domain that functions as an E3 ubiq-

uitine ligase in vitro. This activity is greatly increased in a complex with
its heterodimeric partner molecule, BARD1 (46, 47). Candidate in vivo
substrates for poly- and monoubiquitination by BRCA1/BARD1 have
been identified from in vitro studies. These include BRCA1, histones
H2A andH2AX, FANCD2, p53, �-tubulin, and nucleophosmin (NPM)/
B23 (48–52). Unlike the standard ubiquitination pathway (i.e. ubiquiti-
nation preceeds and automatically leads to degradation), BRCA1/
BARD1 activity appears to stabilize NPM/B23, which might be due, in
this instance, to ubiquitination of NPM/B23. In any case, the role, if any,
of BRCA1 in regulating ubiquitination of HIF-1� can be determined by
additional studies.
Considering that the primary function of BRCA1 is to act as a tumor

suppressor, the BRCA1 function identified here, to positively regulate
hypoxia-mediated VEGF expression, is somewhat paradoxical: reduced
BRCA1 levels (and thus presumably reduced BRCA1 activity) would
appear to both decrease tumor expansion (via reducingVEGF levels and
thus reducing angiogenic potential (53)) and to promote tumor expan-
sion (via multiple possible mechanisms). Nevertheless, our results may
help explain why there are significantly lower levels of VEGF expression
in tumors of breast cancer patients with BRCA1 mutations than in
breast cancer patient tumors without these mutations (54). A study

comparing tumors from patients with hereditary breast cancer (HBC)
(mutation in either BRCA1 or BRCA2) and tumor from patients with
non-HBC, showed that tumors from patients with HBC showed
decreased angiogenesis compared with controls (55). In human mela-
noma cells, the expression of VEGF was strongly inhibited after irradi-
ation of BRCA1 knock-down cells compared with control cells (26).
Each of these studies is consistent with our data suggesting that the
presence of a normal amount of BRCA1 protein may have a positive
regulatory effect on the accumulation of VEGF protein and angiogene-
sis. Together with published articles (26, 54, 55), our findings suggest
that the down-regulation of BRCA1 in many breast cancer tumor cells
may not be responsible for the angiogenesis-promoting effects gener-
ated by cancer cells isolated from such tumor.
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