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Abstract

The effects of a ligand of the aromatic hydrocarbon
receptor (AhR), benzo[a]pyrene (B[a]P), and its meta-
bolite, BPDE (7r,8t-dihydroxy-9t,10f-epoxy-7,8,9,10-
tetrahydro-benzo[a]pyrene), on BRCA-1 levels and
cell cycle kinetics were determined in MCF-7 breast
cancer cells. Exposure of asynchronous MCF-7 cells
for 72 hours to a non-cytotoxic dose of 0.5 M B[a]P
triggered a three-fold reduction in BRCA-1 protein. In
MCF-7 cells resistant (20% to 30%) to genotoxic
concentrations of B[a]P (1 to 5 yM), the loss of
BRCA-1 protein was coupled with pausing in S-phase
and G,/M, and accumulation of p53, mdm2 and p21.
Treatment of MCF-7 cells synchronized in S-phase
(72%) with B[a]P prolonged the arrest in S-phase,
although this checkpoint was transient since cells
resumed to G,/M after 12 hours with reduced levels of
BRCA-1. In these cells, levels of p53 were increased,
whereas the cellular content of p21 remained unaltered.
In contrast, the co-treatment with the AhR antagonist,
«a-naphthoflavone (ANF), abrogated the deleterious
effects of B[a]P on BRCA-1 expression, while prevent-
ing the accumulation of p53 and disruption of cell cycle
profile. These findings suggest that the AhR mediated
the inverse expression patterns of BRCA-1 and p53
upon exposure to B[a]P. The treatment with BPDE
induced S-phase arrest and reduced BRCA-1 mRNA
levels. The negative effects of BPDE on BRCA-1
expression were not transient since removal of BPDE
did not allow complete reversal of the repression.
These cumulative data suggest that the B[ a]P metabo-
lite, BPDE, may play a key role in disruption of BRCA-1
expression and cell cycle kinetics in breast epithelial
cells. Neoplasia (2000) 2, 460—-470.
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Introduction

The BRCA-1 protein participates in transcription-coupled
repair of oxidative damage [1], co-localizes with Rad51 [2],
BRCA-2 [3], and the hRad50—hMre11—-p95 complex [4].

In addition, an important role in embryogenesis has been
attributed to BRCA -1 since nullizygous embryos die early in
development, possibly because of accumulation of DNA
damage [5,6]. The latter affects subnuclear location and
ATM-dependent phosphorylation of BRCA-1 [7-9].

It has been proposed that BRCA -1 may be involved in cell
cycle control since the cellular levels of BRCA- 1 protein peak
in S- and M- phases [10]. This inference is supported by the
fact that BRCA-1 contributes to p53-dependent gene
expression [11] and the trans-activation of p21 [12,13].
Moreover, the overexpression of mutant BRCA-1 encoding
for COOH -terminal residues decreases the doubling time of
184A1 human breast epithelial cells, while inducing the loss
of G>/M block by colchicine [14]. These cumulative data are
consistent with a role for BRCA-1 in S- and G,/M-phases
control [15].

One of the cellular responses to DNA damage is the
activation of G4/S and G,/M checkpoints. Stabilization of
p53 at the G4/S boundary elicits the trans-activation of a
number of genes, including mdm2 and the cyclin-dependent
kinase inhibitor p21, which, in concert, controls entry into the
S-phase [16]. While upregulation of p21 can occur through a
p53-independent pathway, both p53 and p21 are essential
for maintaining the G, checkpoint after DNA damage [17].
Nevertheless, the disruption of these cell cycle regulators by
drugs and chemical agents may compromise the fidelity of
DNA replication and allow progression of cells harboring
genomic aberrations. Alternatively, severe DNA damage may
destine cells to lethality [18].

One of the puzzles in breast carcinogenesis is that BRCA -
1 is not mutated in sporadic breast tumors [3]. We
hypothesized that epigenetic effectors capable of inducing
genotoxic damage may cause a concomitant loss of BRCA -
1, thus preventing its participation in DNA repair functions. An
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outcome may be the propagation of mutations or chromo-
somal aberrations that contribute to drug resistance and
cancer development.

Although recent studies have investigated the regulation
of BRCA-1 expression by DNA-damaging agents [19],
knowledge concerning the contribution of polycyclic aromatic
hydrocarbons (PAHs) to the regulation of BRCA-1 is
limited. PAHs are known to induce a number of biological
responses including Gy arrest [20] and genotoxic stress
[21]. Recently [22], we reported that benzo[a]pyrene
(B[a]P), a prototype PAH and ligand of the aromatic
hydrocarbon receptor (AhR), inhibited the expression of
BRCA-1 in estrogen receptor - positive breast (MCF-7) and
ovarian (BG-1) cancer cells. Here, we present evidence
that in MCF-7 cells, the expression of BRCA-1 and p53 is
inversely regulated by B[ a]P, which contributes to transition
from S- to Go/M-phases in the presence of reduced levels
of BRCA-1. We document that disruption of BRCA-1
expression and cell cycle kinetics by B[a]P are mediated,
at least in part, by the reactive metabolite, 7r,8t-dihydroxy -
9t,10t-epoxy-7,8,9,10-tetrahydrobenzo[ a]pyrene (BPDE).

Methods

Cell Culture

Effects of B[ a]P on cell proliferation were investigated as
described previously [23] in MCF-7 cells obtained from the
American Type Culture Collection (Manassas, VA). The
cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium (Sigma, St. Louis, MO)
supplemented with 10% fetal calf serum (FCS; Hyclone
Laboratories Inc., Logan, UT). B[a]P, «-naphthoflavone
(ANF), and colchicine were obtained from Sigma. Aphidi-
colin was purchased from Calbiochem Co. (La Jolla, CA).
BPDE was obtained from Midwest Research Institute
(Kansas City, MO). For cell viability studies, cells were
plated at a density of 2x 10° cells/100 mm tissue culture dish
and maintained overnight in DMEM/F12 plus 10% FCS.
Three dishes were assigned to each experimental treatment.
At the end of the incubation periods, cell viability was
assessed in triplicate (n = 9) by trypan blue exclusion.

Flow Cytometry

Flow cytometry was performed as previously described
[19]. Briefly, cells were harvested with trypsin and washed in
PBS. Then cells were treated with RNAse and stained with
propidium iodide (50 pg/mlin PBS). Cell cycle distribution
profiles were recorded with a FACscan (Becton-Dickinson,
Franklin Lakes, NJ), using a CELLQuest program. Data
were analyzed with the MODFIT.2 software at the Flow
Cytometry Laboratory of the Arizona Cancer Center.

Western Blotting

Western blotting was performed as previously described
[24]. Cell extracts were normalized to protein content and
separated by 4% to 12% gradient sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Immunoblotting was
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carried out with antibodies raised against BRCA-1 (Ab-
2), p53 (Ab-2), p21 (Ab-1), and mdm2 (Ab-1) obtained
from Oncogene Research Products (Cambridge, MA) and
p27 (C-19) obtained from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA). Normalization of Western blots was
confirmed by incubating immunoblots with 3-actin antibody -
1 (Oncogene Research Products). The immunocomplexes
were detected by enhanced chemiluminescence (Amer-
sham Corp., Arlington Heights, IL).

Semi-Quantitative Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

Details concerning the experimental conditions for semi-
quantitative RT-PCR analysis of BRCA-1 mRNA are
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Figure 1. Dose - response effects of B[a ] P on cell viability and BRCA-1. (A)
MCF -7 cells were cultured in the presence of increasing concentrations of
B[a]P for 72 hours. Bars represent average cell number+SD from three
independent wells counted in triplicate (n = 9). (B) Western blotting of
BRCA - 1 protein. Cell extracts were obtained from MCF - 7 cells cultured for 72
hours in control DMEM/F12 containing 10% FCS, basal medium plus vehicle
(DMSO), or increasing concentrations of B[a]P. The bands in panel B are
immunocomplexes visualized by incubating Western blots with BRCA-1 (Ab-
2) or 3-actin (Ab-1) antibodies.
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described elsewhere [22]. Briefly, total RNA (400 ng) was
incubated with random hexamer primers, Moloney murine
leukemia virus RT, RNase inhibitor (Life Technologies/
Gibco BRL, Gaithersburg, MD), and RT buffer (Ambion Inc.,
Austin, TX) at 42°C for 1 hours. cDNA was amplified using
the forward 5'-AGCTCGCTGAGACTTCCTGGA-3 and
reverse 5'-CAATTCAATGTAGACAGACGT-3' primers,
which produced fragments spanning exon-1A to exon-8.
The amplification products were of the expected size (712
bp), and their authenticity to the BRCA-1 sequence
(GenBank accession no. U1460) was confirmed by direct
sequencing. The primers for the internal standard 18S
ribosomal RNA (488 bp) were from Ambion Inc. The
expression levels of BRCA-1 were quantified by Alpha
Imager (Alpha Innotech Inc., San Diego, CA) analysis and
corrected for the expression of the control mRNA (BRCA-1/
18S).
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Results

Dose-Dependent Effects of B[a]P on Cell Viability and
BRCA-1

The data depicted in Figure 1 demonstrate a strong
correlation between cell number (Figure 1A) and levels of
BRCA-1 protein (Figure 1B) in cells treated with varying
concentrations of B[a]P. MCF-7 cells treated with 0.05 to
0.5 uM B[a]P proliferated at the same rate as control
cells, even though BRCA-1 protein levels were reduced
by three-fold at concentrations of 0.5 uM B[a]P (Figure
1B). This observation indicates that non-cytotoxic con-
centrations of B[a]P might abrogate the expression of
BRCA-1 in circumstances of chronic exposure. However,
acute doses of 1 and 5 uM B[a]P reduced cell viability
3.5- and 10-fold, respectively, after 72 hours. BRCA-1
protein was reduced six-fold in the presence of 1 M
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Figure 2. Time - dependent effects of B[a]P on BRCA - 1 and cell cycle checkpoints. Asynchronous MCF - 7 cells were cultured for various periods of time in basal
DMEM/F12 plus 10% FCS or basal medium containing 5 M B[a]P. At the end of the incubation periods, cell extracts were analyzed for their content in BRCA- 1,

p53, p21, and mdm2 protein. The control bands are (3 - actin inmunocomplexes.
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B[a]P, whereas at 5 M B[a]P, BRCA-1 immunocom-
plexes were nearly undetectable. These data lend support
to our previous findings [22] that non-lethal doses of
B[a]P may reduce BRCA-1 protein, whereas at concen-
trations higher than 0.5 uM, the loss of BRCA-1 is
paralleled by decreased cell viability. The finding that 20%
to 30% of cells did not succumb to treatment with
cytotoxic levels of B[a]P, but contained little or no
BRCA-1, triggered our interest in examining the dynamic
changes in BRCA-1 expression and cell cycle kinetics in
this sub-cell population.

We performed Western blot analysis of cell extracts
obtained from asynchronous MCF -7 cells cultured in control
medium or medium supplemented with 5 uM B[a]P for
various periods of time (Figure 2). In both control and
B[a]P-treated cells, BRCA-1 protein peaked at 12 hours.
This induction was attributed to stimulated expression of
BRCA-1, which is characteristic of rapidly proliferating cells
[24]. Whereas BRCA-1 resumed to basal levels in control
cells at 24 hours, the presence of B[ a]P drastically reduced
BRCA-1 levels at both 48 and 72 hours. Between 6 and 12
hours, we detected fluctuations in the levels of p53 in cells
cultured in basal medium. Treatment with B[ a] P for 12 hours
induced a significant increase in the cellular content of p53,
which was further augmented at 24 hours, and remained
significantly higher than the amount detected in control cells.
The accumulation of p53 in B[a]P-treated cells was
accompanied by an increase in the level of cyclin-dependent
kinase inhibitor p21. In contrast, there were no detectable
changes in the cellular content of p27, in the presence or
absence of B[a]P. Cellular levels of the p53 regulator,
mdm2, remained unchanged throughout the experiment in
MCF-7 cells cultured in DMEM/F12, whereas the mdm2
protein accumulated between 12 and 24 hours after
treatment with B[ a]P. Thus, when comparing the temporal
profiles of expression of BRCA-1 and p53, the accumulation
of p53 at 12 hours in B[a]P-treated cells preceded by
approximately 12 hours the loss of BRCA-1. At 48 and 72
hours after treatment with B[a]P, BRCA-1 was not
detectable, whereas the cellular levels of p53 and p21
remained elevated.

B[a]P Alters Cell Cycle Kinetics

The concomitant loss of BRCA-1, along with the changes
in p53 and p21 proteins, prompted us to examine the effects
of B[a]P on cell cycle progression. Cell cycle distribution
was determined by flow cytometric analysis of propidium
iodide stained cells. Treatment of asynchronous MCF-7
cells with B[ a]P, when 55% of cells were in Go/ G4, induced
within a period of 24 hours a significant enrichment in S-
phase compared with control cells (53.1% vs. 32.0%). The
accumulationin S-phase was paralleled by a reduction in the
fraction of cells in Go/ G (36.3% vs. 54.0%) (Figure 3) and
a 2.5- and 4.0-fold increase in the percentage of cells
positioned in Go/M at 48 and 72 hours, respectively. Thus,
loss of BRCA-1 and stabilization of p53 and p21 correlated
with pausing of cells in S-phase and subsequent arrest in
Gao/M.

Neoplasia e Vol. 2, No. 5, September—October 2000

24 h
° 061
S
60 A G2+M|
L 50
o]
Kol
g 40
Z
? 30
R
20
10
o ;
DMEMOh DMEM BlaJP
48 h
70
oGt
60
- 50
[0}
Ne]
g 40
pd
8 30
R
20
10
o / Z
BlaP DMSO
72h
70
— oGt
mSs
60
A G2+M
— 50
[}]
Kol
E «
z
E- 30
X
20
10
0

DMEM

DMSO

Figure 3. B[a]P induces S-phase and G,/M accumulation. Asynchronous
MCF -7 cells were cultured for 24, 48, and 72 hours in basal DMEM/F12 plus
10% FCS, basal medium containing the vehicle (DMSO) or vehicle plus 5 uM
B[a]P. Cell cycle profiles were analyzed by flow cytometry as described in
Materials and Methods section. Bars represent percentages of cells in Go/ G,
S, and G2/M representative of three separate experiments with standard
deviations lower than 3%.
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Because levels of BRCA-1 normally peak in S-phase
[10], we wished to characterize the effects of B[a]P on
levels of BRCA-1 protein and cell cycle progression in MCF -
7 cells synchronized in S-phase. After synchronization with
1 g/ ml aphidicolin for 24 hours, cells were released from S-
phase arrest by replacing the culture medium with fresh
DMEM/F12 plus 10% FCS or medium supplemented with 5
1M B[ a]P. The data depicted in Figure 4 showed that, at 12
hours after release, the addition of B[ a]P induced arrest in

Asynchronous, DMEM

»C/C1 [Tayes65

e P

Humber

| PR ol SO SO

Aphidicolin/DMEM, 12h

Gp/G=35.9
S=21.2
Go/M=42.9

[ GG

Aphidicolin/B[a]P, 12h

Gpl/G4=36.5
5=36.1
Gp/M=27.4

S-phase (36.1% vs. 21.2%) (Figure 4E) and reduced the
fraction (27.4%) that progressed to G,/M compared with
cells (42%) cultured in basal DMEM/F12 medium. How-
ever, while a significant percentage of cells released into
control medium transitioned to Go/G (72.4%) by 24 hours
and assumed the characteristic asynchronous distribution
(Figure 4A), the treatment with B[ a] P sustained significant
accumulation in Go/M (29.4% vs. 5.6%) (Figure 4F).
Overall, B[a]P appeared to alter normal cell cycling by
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Figure 4. B[a]P delays escape from S - phase and extends transit through G,/M. MCF - 7 cells were synchronized in S - phase with aphidicolin (1 ug/mi) for 24
hours, after which cells were released into (C and D) basal DMEM/F12 plus 10% FCS (aphidicolin/DMEM) or (E and F) basal medium plus 5 uM B[a]P
(aphidicolin/B[a]P). Cells were harvested at 12 and 24 hours after release. Cell cycle distribution was examined by flow cytometry after propidium - iodide staining.
Arrowheads below the DNA histograms represent channels with most events for specific phases of the cell cycle. The profiles are representative of three

independent experiments.
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Figure 5. B[a]P - dependent accumulation in G»/M coincides with loss of BRCA- 1. (A) MCF - 7 cells were synchronized in S - phase with aphidicolin (1 g/ml) for
24 hours, after which cells were released into basal DMEM/F12 plus 10% FCS, or basal medium plus 5 :M B[a] P, colchicine (0.25 M), or colchicine plus B[a]P.
Cells were harvested at 12 and 24 hours after release. Cell cycle distribution was examined by flow cytometry after propidium - iodide staining. The profiles are
representative of three independent experiments. (B) Western blotting of BRCA - 1, p53 and p21. After synchronization in S - phase with aphidicolin (1 1.g/ml) for
24 hours, cells were released into DMEM/F12 plus 10% FCS or basal medium containing 5 ;1M B[ a] P. Cell extracts were collected at 12 and 24 hours after release.
The control bands are (3 - actin immunocomplexes.
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Figure 6. ANF restores normal cell cycle distribution, BRCA - 1, and inhibits the accumulation p53. Asynchronous MCF - 7 cells were cultured for 72 hours in basal
DMEM/F12, basal medium containing vehicle (DMSO), or 5 1M B[a]P plus increasing concentrations of ANF. Bands represent inmunocomplexes of BRCA - 1

and p53. The control bands are (3 - actin imnmunocomplexes.

lengthening the transition through S and inducing subse-
quent arrest in Go/M. This inference was confirmed in a G,/
M trapping experiment in which cells previously synchro-
nized in S-phase with aphidicolin were released into culture
media containing colchicine (0.25 M) to prevent cycling
beyond G,/M. These experiments illustrated that, upon
treatment with B[a]P, cells resumed to Gy/M with an
approximate 12 hours delay compared with cells released in
control DMEM/F12 (Figure 5A). In fact, in the presence of

B[a]P plus colchicine, 44.0% of cells were positioned in
S-phase at 12 hours compared with only 17.6% when
cells were treated with colchicine alone. Nevertheless,
flow cytometry profiles confirmed that by 24 hours after
release, a significant percentage of cells treated with
B[a]P plus colchicine had escaped S-phase arrest and
occupied the G»/M window at levels (63.5%) similar to
those elicited by colchicine (57.0%). Therefore, although
B[a]P induced S-phase arrest, this checkpoint was
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relaxed since cells resumed cycling to Go/M within a 24-
hour interval.

The synchronization in S-phase with aphidicolin elicited
the accumulation of BRCA-1 protein, as indicated by
Western blotting of protein extracts (Figure 5B). The
release from S-phase into basal DMEM was accompanied
at 12 hours by a slight reduction in BRCA-1, whose levels
increased at 24 hours (lane 4) when 51.5% of cells occupied
the S-phase. These dynamic changes in BRCA-1 are in
keeping with the notion that levels of BRCA-1 fluctuate
during cell progression, but that the BRCA-1 protein is most
abundant during transit through S-phase [10]. In contrast,
BRCA-1 was significantly reduced after treatment with
B[a]P for 24 hours, whereas levels of p53 were increased.
Interestingly, the accumulation of p53 did not yield a
corresponding increase in p21, whose levels remained
unchanged at 12 and 24 hours after release from S-phase.
These data indicated that cells containing increased levels
of p53 paused transiently in S-phase, but subsequent
transition to G,/M occurred with reduced cellular levels of
BRCA-1.

A
70 - 0 Go/G1
ms
.20 7 G,/M
@
50
£
=z 40
3 30
= 20
10-
DMEM 50nM  100nM  500nM  (BPDE)
B BPDE
3
= = b=
= o 7] 3 3
<«BRCA-1
«188

ANF Counteracts the Loss of BRCA-1 Expression and
Disruption of Cell Cycle Kinetics

We wished to obtain direct evidence of the involvement of
the AhR pathway in the disruption of cell cycle kinetics by
B[a]P. Therefore, we tested whether co-treatment with the
AhR antagonist, ANF, prevented the perturbations in cell
cycle kinetics triggered by B[a]P, and restored BRCA-1
expression. The co-treatment with ANF abrogated the
transient arrest of MCF-7 cells in S-phase and the
subsequent accumulation in Gy/M, suggesting that the
AhR pathway mediated the disruptive effects of B[a]P on
cell cycle progression. In addition to restoring normal cell
cycle distribution (Figure 6A), the co-treatment with ANF
counteracted the loss of BRCA-1 and accumulation of p53
(Figure 6B). Taken together, these data confirmed that the
changes in cell cycle kinetics as well as the fluctuations in
BRCA-1 and p53 involved the participation of the AhR
pathway, and attributed to ANF a protective effect against
B[a]P. Furthermore, these findings suggest the existence of
an inverse relationship between BRCA-1 and p53 status in
MCEF -7 cells with regard to exposure to B[ a]P.
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Figure 7. BPDE induces S - phase arrest and reduces the potential for BRCA - 1 expression. (A) Flow cytometry profile of MCF - 7 cells cultured for 24 hours in basal
DMEM/F12 plus 10% FCS, or basal medium plus increasing concentrations of BPDE. Bars represent average percentage of cells in Go/ G+, S, and G2/M from two
separate experiments. (B) RT-PCR analysis of BRCA - 1 mRNA from MCF - 7 cells treated with nanomolar concentrations of BPDE for 24 hours. (C) MCF -7 cells
were treated for 72 hours in basal medium, or pre - treated in BPDE (500 nM ) - containing medium for 0.5 1, 6 and 12 hours. At the end of the pre - incubation periods,
cells were washed and cultured up to 72 hours in fresh DMEM/F12 plus 10% FCS free of BPDE. In (B) and (C), changes in BRCA - 1 mRNA were assessed by
RT-PCR analysis of total RNA. The PCR products represent BRCA-1 (712 bp) and control ribosomal 18S RNA (488 bp) from input cDNA corresponding to 400
ng of total RNA. Experimental conditions for semi- quantitative RT - PCR analysis of BRCA - 1 were those described in Material and Methods section [22]. (D)
Western blot analysis of BRCA - 1 and p53. MCF - 7 cells were pre - treated with BPDE (500 nM ) for various periods of time and then cultured up to 72 hours in basal
DMEM/F12 plus 10% FCS medium. Bands represent immunocomplexes of BRCA- 1, p53 and p21. The control bands are (3 - actin immunocomplexes.

Neoplasia e Vol. 2, No. 5, September—October 2000



® 468

B[ a] P Disrupts BRCA-1 and Cell Cycle Kinetics Jeffy et al.

BPDE Induces S-Phase Arrest and Reduces the Potential
for BRCA-1 Expression

In previous studies [22], we reported that B[ a] P, but not
2,3,7,8-tetrachlorodibenzo - p-dioxin (TCDD), reduced the
expression of BRCA-1. The fact that TCDD binds with high
affinity to the AhR, but is not metabolized, led us to consider
the possibility that downregulation of BRCA-1 may be
mediated, at least in part, by metabolites of B[a]P. There-
fore, we investigated further the effects of the metabolite
BPDE on cell cycle progression and expression of BRCA-1.

Flow cytometry analysis of MCF -7 cells documented that,
similar to B[ a] P, BPDE induces a dose -dependent arrest of
cells in S-phase. The fraction of cells positioned in S-phase
at 24 hours increased from 28% for the DMEM control to
50% for MCF-7 cells treated with 500 nM BPDE (Figure
7A). The BPDE-dependent accumulation in S-phase was
paralleled by a reduction in the percentage of cells positioned
in Go/G4 (from 60% to 44%) and Go/M (from 10% to 5%).
RT-PCR analysis of total RNA revealed that treatment with
increasing amounts of BPDE elicited a dose -dependent loss
of BRCA-1 transcripts (Figure 7B), which were nearly
undetectable at concentrations equal to 500 nM BPDE.

The effects of BPDE on BRCA -1 expression were further
examined in a washout experiment in which MCF-7 cells
were pre-treated with 500 nM BPDE for 0.5, 1, 6 and 12
hours. Then, after washing out of media containing the
BPDE, cells were cultured in fresh DMEM/F12 plus 10%
FCS medium up to 72 hours. At the end of the incubation
period, we analyzed the levels of BRCA-1 mRNA in total
RNA, and protein in cell extracts. While at 72 hours the levels
of BRCA-1 mRNA in control cells were similar to those
observed in cells harvested at the time of induction (data not
shown), BRCA-1 transcripts were reduced five-fold in cells
pre-treated with BPDE for 6 to 12 hours (Figure 7C).
Similarly, BRCA-1 protein levels were reduced significantly
by the pre-treatment for 6 to 12 hours with BPDE (Figure
7D). The loss of BRCA-1 at these time points was paralleled
by accumulation of p53 and p21. Because the half-life of
BDPE is approximately 5 to 20 minutes [25], we discounted
the likelihood that residual BPDE may have been responsible
for the reduction in BRCA-1 mRNA and protein. In fact, cells
were washed twice and then cultured in fresh medium for at
least 60 hours after removal of media containing the BPDE.
Based on these considerations, we concluded that the short-
term exposure to BPDE exerted a signature effect by
reducing the potential for BRCA-1 expression and increas-
ing the cellular levels of p53 and p21.

Discussion

In the absence of a causal relationship between the
occurrence of sporadic breast cancer and mutations in the
BRCA-1 gene, efforts directed to investigating the contribu-
tion of environmental xenobiotics as epigenetic effectors of
BRCA-1 are warranted. PAHs, ubiquitous pollutants known
to induce mammary tumors in rodents [26], are found in
tobacco smoke, industrial pollution and auto exhaust [27].
Among PAHSs, B[a]P is a prototype known to act both as a

tumor initiator and promoter, and to stimulate the expression
of gene products of the cytochrome P450 family, which
metabolize B[a]P to the ultimate carcinogen, BPDE [28].
The BPDE damages DNA by forming bulky adducts and
apurinic sites that are degraded further to DNA strand breaks
[29], thus contributing to inhibition of DNA synthesis [30]
and cell cycle arrest [31].

To elucidate the function of BRCA-1, genetic models
defective in BRCA-1 and other cell cycle regulators have
been developed [11,13-15,32]. In previous work [22], we
documented that B[a]P inhibited BRCA-1 expression in
estrogen receptor - positive breast MCF -7 and ovarian BG- 1
cancer cells in a dose- and time-dependent fashion. In this
study, we hypothesized that one modality of PAH-mediated
breast oncogenesis may involve the coordinate disruption of
BRCA-1 and cell cycle regulation. The loss of BRCA-1 may
abrogate normal defense mechanisms, such as cell cycle
and growth control functions, thus predisposing to accumu-
lation of DNA damage that may be critical for tumor
development. Our findings provide novel evidence that
non -cytotoxic doses of B[a]P (0.5 uM) reduce the levels
of BRCA-1 protein in MCF-7 cells. The significance of this
observation is that BRCA-1 may be a cellular target for
repression by chronic exposure to PAHs, which may lower
DNA repair functions and predispose to the fixation of
mutations.

At cytotoxic concentrations (1 to 5 uM), nearly 20% to
30% of cells survived the treatment with B[a]P, but
contained decreased or no BRCA-1 protein. Because
cytotoxic damage and multi-drug resistance are hallmarks
of cancer, we examined whether cells resistant to B[a]P,
having reduced levels of BRCA-1, had acquired altered cell
cycle characteristics. Our results indicated that acute
exposure to cytotoxic levels of B[a]P lengthened the S-
phase interval and led to G,/M accumulation. The stabiliza-
tion of p53 and p21 and dynamic fluctuations in mdm2
confirmed that surveillance mechanisms were alerted to halt
cell cycle progression [16,33]. However, results obtained
with MCF -7 cells synchronized with aphidicolin showed that
the arrest in S-phase was transient. In the presence of
B[a]P, cycling from S to G»/M occurred with an approximate
12-hour delay compared with cells released into control
medium. In fact, 24 hours after release from S-phase, a
large fraction of cells treated with B[ a]P occupied the Go/M
window with increased levels of p53, but reduced BRCA-1,
whereas levels of p21 were unaffected. The failure of p21,
which is required for maintaining the G, block [17], to
increase under these conditions could be attributed, at least
in part, to the downregulation of BRCA-1. The latter has
been shown to contribute to frans-activation of the p21
promoter [13]. These findings suggest that B[a]P con-
tributes to accumulation in Go/M-phase of cells containing
reduced levels of BRCA-1, and complement recent work
[15] documenting that embryonic fibroblasts carrying an
exon-11 BRCA-1 deletion are defective in G,/M check-
point. The prolonged arrest in G, of cells harboring DNA
damage is known to cause aberrant mitosis [34]. Because
BRCA-1 is a target for phosphorylation by the ATM protein
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kinase [9] and is required for S-phase [13] and G,/M
regulation [15], one could envision that the carcinogenicity
of B[a]P may stem, at least in part, from reduction of BRCA -
1 expression and repair functions involving the ATM-
BRCA-1 cascade.

Previous studies have reported on the inhibition of BRCA -
1 by chemical agents, including adriamycin and ultraviolet
radiation in breast cancer cells [19]. In this study, we
provided evidence that disruption of cell cycle kinetics by
B[ a]P correlated with inverse expression patterns of BRCA -
1 and p53 in MCF-7 cells. In fact, co-treatment with ANF
restored normal cell cycle distribution and counteracted the
loss of BRCA-1 expression, while preventing the accumula-
tion of p53. Because embryonic death associated with
disruption of the BRCA-1 gene was less pronounced in
p53-null embryos [6], one could attribute the inverse
expression patterns of BRCA-1 and p53 to antagonistic
interactions among factors ubiquitous to the regulation of
BRCA-1 and p53 [35].

With respect to loss of cell viability induced by B[ a]P, one
could expect that the coordinate loss of BRCA-1 and
accumulation of p53 may lead to p53-dependent apoptosis
of severely damaged cells. However, electron microscopy
analysis of cells treated with B[ a] P did not reveal changes in
cellular architecture or morphology characteristic of apopto-
sis, such as chromatin condensation and membrane bleb-
bing (unpublished data). Considering that approximately
30% of cells did not succumb to the treatment with cytotoxic
levels of B[a]P, one could envision that B[a]P -resistant
cells expressing lower levels of BRCA-1 may have acquired
a cytotoxic drug resistance phenotype [36].

With regard to the mechanisms through which B[ a]P may
repress BRCA-1, one could extrapolate that through general
inhibition of RNA synthesis, B[a]P may preferentially
deplete the cellular levels of proteins with a rapid turnover,
such as BRCA-1, as opposed to p53, which is regulated at
the posttranscriptional level following DNA damage. This
hypothesis is not supported by our earlier data [22], which
document that in estrogen receptor-negative HBL-100 and
MDA -MB-231 breast cancer cells, neither BRCA-1 nor cell
growth was compromised by equimolar (5 M) concentra-
tions of B[a]P. Moreover, in the same study, we found that
the dioxin - like TCDD, which exhibits high affinity for the AhR
but is not metabolized, did not repress BRCA-1 mRNA and
protein levels [22]. Therefore, we hypothesized that the
responsiveness of MCF-7 cells to B[a]P may be a
consequence of their ability to metabolize B[ a]P to reactive
end products. To test this contention, we treated MCF-7
cells with the metabolite BPDE. Consistent with this
hypothesis, BPDE induced S-phase arrest and suppressed
BRCA-1. These effects were observed at doses 10-fold
lower (50 to 500 nM) than those used for B[a]P (0.5t0 5
#M). More importantly, we observed that the short-term
exposure to BPDE reduced the potential to express BRCA -
1, since removal of BPDE did not allow for complete reversal
of the repression. In contrast, levels of p53 and p21 were
increased in cells pre-treated with BPDE for at least 6 to 12
hours. We did not attribute the loss of BRCA-1 to residual
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BPDE since BPDE is hydrolyzed within minutes in cellular
systems [25]. In addition, MCF-7 cells were cultured in
fresh media after washing out of the pre -treatment medium.
Rather, these cumulative observations suggested that the
effects of BPDE were not transient. A possible interpretation
of these data is that BPDE may repress transcription of
BRCA-1 or alter the expression of other factors such as p53,
which may contribute to repression of BRCA-1. For
example, the functionality of cellular checkpoints may
contribute to the deleterious effects of BPDE on BRCA-1
expression. MCF -7 cells have functional p53 and Rb, both of
which complex with BRCA-1 [11]. Conversely, in SV40-
transformed HBL-100 cells, which are refractory to B[ a]P,
both p53 and Rb are inactivated [37]. Investigations are
currently in progress in our laboratory to clarify whether
elevation of p53 is an absolute requirement for BPDE-
dependent regulation of BRCA-1.

In summary, there are ample data suggesting that
environmental factors can initiate and promote chemical
carcinogenesis [38]. While maintenance of genome integrity
is the result of balance between production and repair of
DNA [39], this work provides novel evidence that B[a]P
disrupts normal BRCA-1 expression and cell cycle kinetics.
These effects are mediated, at least in part, by the reactive
metabolite BPDE, which reduces the potential for BRCA-1
expression. The identification of a possible link between
carcinogenicity induced by PAHs and loss of BRCA-1 offers
an exciting opportunity to gain insights into the potential role
of PAH—gene interactions in the development of sporadic
breast cancer.
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