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The BRCA1 and p53 tumor suppressors have been
shown to interact and cooperate to activate transcrip-
tion of p53-responsive genes. In this study, we show that
BRCAL is initially up-regulated, followed by a reduction
to below basal levels in response to treatment with the
DNA-damaging agents adriamycin and mitomycin C,
and that the reduction of BRCA1 expression is depend-
ent on the presence of wild-type p53. Elimination of p53
by expression of human papilloma virus E6 resulted in
an inability to down-regulate BRCAL1 in response to ad-
riamycin. Ectopic expression of p53 resulted in a rapid
decrease in BRCA1 protein and RNA levels and BRCA1
promoter-driven luciferase activity even in null p21
cells deficient in p53-dependent G, arrest. ATM '~ lym-
phoblastoid cells were deficient in their ability to re-
duce BRCA1l protein in response to DNA damage,
whereas the wild-type counterparts reduced BRCA1l
protein levels after exposure to adriamycin. These re-
sults, in conjunction with others, suggest a loop wherein
BRCALI initially participates in accumulation of p53 pro-
tein, whereas later p53 acts to reduce BRCAl
expression.

The breast and ovarian cancer susceptibility gene BRCA1
has been suggested to be involved in gene transcription, DNA
repair, and transcription-coupled repair (1). Evidence for roles
in these processes has come primarily from identification of
interacting proteins with BRCA1. For example, binding to such
proteins as Rad51 (2) and Rad50, p95, and MRE11 (3) has
suggested that BRCA1 may be involved in DNA repair mech-
anisms, such as double strand break repair, that involve the
Rad, p95, and MRE11 proteins. BRCA1 is also bound and
phosphorylated by the ATM and human CDS1 DNA damage-
activated kinases (3, 4). On the other hand, BRCA1 also com-
plexes with RNA polymerase II (6), RNA helicase A (7), the
transcriptional repressor CtIP (8, 9), and histone deacetylase
components RbAP46 and RbAP48 (10), and the association of
BRCA1 with the polyadenylation factor CstF-50 is bridged by
BARD1 (11). These interactions suggest that BRCA1l plays
some role in cellular gene transcription. It has been hypothe-
sized that BRCA1 involvement in transcription is a means by
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which the protein acts in one aspect of DNA repair (12). The
findings that BRCAI ™'~ cells are defective in transcription-
coupled repair and that BRCA1 associates with such global
transcription components as RNA polymerase II suggest that
BRCAL1 is not a specific transcriptional activator per se. How-
ever, BRCA1 has also been shown to bind individual transcrip-
tion factors such as p53 and c-Myc (13-15). BRCAL1 is able to
repress c-Myc transcriptional activity, whereas it is able to
enhance p53 activity similar to other transcriptional coactiva-
tors such as p300 and cAMP-responsive element-binding pro-
tein. BRCA1-specific involvement in the p53 response has been
enhanced with the finding that BRCAI™/~ embryos survive
longer if one or both copies of the p53 gene are also missing
(16). That activation of specific genes such as p21"AF? and
GADD45 or repression of cyclin B1 (17-19) is also mediated by
BRCA1 again raises the possibility that BRCA1 effects on
transcription may be specific.

p53 binds to two regions of BRCA1: at the N terminus be-
tween amino acids 224 and 500 and also within the BRCT
domain at the C terminus (13, 20). Transcriptional coactivation
of p53 is dependent on the C terminus of BRCA1, as this region
is required for all transcription-related events that BRCAl
performs (14). The N-terminal p53-binding region of BRCA1
has been shown to act as a dominant-negative inhibitor of
p53-mediated transcription when expressed without the re-
mainder of the BRCA1 protein, indicating that although this
region is able to bind p53, the machinery needed to coactivate
p53 either binds to or is present in other areas of the protein
(21). Although it is clear that one mechanism by which BRCA1
induces p53 activity is to bind directly and subsequently to
coactivate transcription, another mechanism may involve in-
creasing the stability of p53. Overexpression of BRCA1 has
been shown to induce accumulation of p53 in wild-type p53-
expressing cell lines (21). This accumulation appears to depend
on the presence of p142EF, a protein that allows p53 to escape
degradation induced by MDM2. BRCAl-induced p53 is then
transcriptionally active and activates such downstream genes
as p21WAFL

The effect of DNA damage on BRCA1 protein has been the
subject of recent studies. Treatment of cultured cells with a
variety of DNA-damaging agents, including +y-radiation, UV
light, mitomycin C, and adriamycin, results in a retardation of
BRCA1 protein on denaturing gels that is reversed by the
addition of phosphatase, indicating phosphorylation (22). In-
terestingly, many of these studies report a reduction in BRCA1
protein and RNA levels following extended treatment with
DNA-damaging agents (22—24). Here we show that this effect
seems to be dependent on the presence of wild-type p53 protein
and that ectopic expression of p53 alone is able to down-regu-
late BRCA1 protein. The reduction appears to occur at the RNA
level. Although BRCA1 has been proposed to act in a comple-
mentary manner to p53, we propose that this feedback loop is
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not unlike the one that has been described for p142RF expres-
sion: whereas p14AFF, like BRCAL, is able to induce p53 (25),
p53 is also responsible for negatively regulating p14ARY expres-
sion (26).

MATERIALS AND METHODS

Cell Culture—The culture conditions of SW480, PA1, H460, H460-
Neo, H460-E6, Saos2, SkOV-3, HCT116, 03189C, and 2184D cells have
been previously described (27-29). Adriamycin was obtained from the
University of Pennsylvania pharmacy and added to the medium of cells
at a concentration of 200 or 400 ng/ml for 18 h. Mitomycin C was
obtained from Sigma and added to the medium of cells at a concentra-
tion of 20 pg/ml for 8 h.

Adenovirus Infection and Propagation—Ad-LacZ and Ad-p53 (28)
were obtained from B. Vogelstein (Johns Hopkins University). Viruses
were propagated, titered, and amplified as described (28).

Western Blotting—Western blotting was carried out essentially as
described (17) using mouse anti-human p53 monoclonal (Ab-2), mouse
anti-human BRCA1 monoclonal (Ab-1), mouse anti-human p21 mono-
clonal (Ab-1) and mouse anti-Rb monoclonal (Ab-5) antibodies (all from
Oncogene Science Inc.).

Northern Blotting—Total RNA isolation and Northern blotting were
carried out as described previously (28). A HindIII/NotI fragment of 5.6
kilobases was excised from pCR3.1-BRCA1 (30) and used as a probe for
BRCA1 Northern blots.

Luciferase Assays—A total of 1 X 10° Saos2 cells were transfected
using Superfect reagent (QIAGEN Inc., Valencia, CA) with 0.5 pg of
reporter and 1.5 pug of pCEP4-p53 or vector alone. 24 h after transfec-
tion, cells were lysed and analyzed for luciferase activity as described
(31).

Fluorescence-activated Cell Sorting Analysis—Adenovirus infections
of MCF7 cells were carried out at m.o.i.> = 20 in 1% fetal bovine serum
and phosphate-buffered saline. Adriamycin treatment was performed
as described above. Preparation of cells for fluorescence-activated cell
sorting was performed essentially as described (32). Cell sorting was
performed on a Coulter Epics Elite counter. DNA content analysis was
performed using MacCycle software (Phoenix Flow Systems, San Diego,
CA).

Trypan Blue Exclusion—Floating and attached cells were
trypsinized from six-well dishes and pelleted by centrifugation. Cells
were resuspended in 900 ul of phosphate-buffered saline, to which 100
ul of 0.4% trypan blue dye (Sigma) was added, and incubated at room
temperature for 10 min. 10 ul of this mixture was applied to a hemo-
cytometer. Dead cells (those staining blue) were counted and compared
with the total number of cells viewed in the hemocytometer.

RESULTS

Repression of BRCA1 in Wild-type p53-expressing Cell
Lines—We have previously found that BRCA1 induces p53
protein accumulation (21). Recent evidence on the factors that
contribute to such a process has suggested that the effect of p53
on these factors runs contrary to what one might expect. For
example, whereas MDM?2 degrades p53, p53 in fact activates
MDM?2 transcription. On the other hand, p14AFY is able to
potently stabilize p53 protein; however, p53 represses p144%F
expression. Given this evidence, we sought to determine the
effect of p53 on BRCA1 expression in light of recent results
suggesting that BRCA1 expression may be reduced in some cell
lines exposed to DNA-damaging agents.

Adriamycin is a potent DNA-damaging agent that rapidly
induces a p53 response in wild-type p53-expressing cell types.
We treated one wild-type (PA1), one mutant (SW480) and one
null (Saos2) p53 cell line with adriamycin for 24 h and exam-
ined BRCA1 protein expression by immunoblotting. Whereas
SW480 (colon carcinoma) and Saos2 (osteosarcoma) cells dis-
played a clear shift in mobility of BRCA1 protein as well as an
apparent increase in the protein level, PA1 cells (ovarian car-
cinoma) appeared to have lost BRCA1 expression entirely (Fig.
1A). We also utilized lymphoblastoid cell lines derived from
ataxia telangiectasia patients. These cells lack functional ac-

! The abbreviation used is: m.o.i., multiplicity of infection.
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Fic. 1. A, BRCA1 protein expression is repressed in cells expressing
wild-type p53. SW480, PA1, and Saos2 cells were treated with 0.2 pg/ml
adriamycin (Adria) for 24 h, harvested for total protein, and electro-
phoresed on a 10% denaturing gel. Proteins were immunoblotted with
anti-BRCA1 monoclonal antibody. B, 03189C (AT —/—) and 2184D (AT
+/+) cells were treated with 0.2 ug/ml adriamycin for 24 h, harvested
for total protein, and electrophoresed on a 6% denaturing gel. Proteins
were immunoblotted with anti-BRCA1 monoclonal antibody. C, PA1,
HCT116, SW480, and SkOV-3 cells were treated with 20 pg/ml mito-
mycin C (MMQC) for 24 h and then harvested for total protein. 50 pug of
total protein was electrophoresed on a 6% denaturing gel and subse-
quently immunoblotted with anti-BRCA1 monoclonal antibody.

tivity of ATM, a kinase required for the rapid accumulation of
p53 protein and phosphorylation of BRCA1 (4) and NBS1 (33).
We tested the 03189C line that is null for ATM activity as well
as a control line (2184D) that possesses both functional copies
of ATM for their effects on BRCA1 protein expression following
24 h of adriamycin treatment. The ATM /" cell line displayed
a full shift of the BRCA1 protein, which was present in similar
amounts as the BRCA1 protein in untreated cells (Fig. 1B). In
the wild-type ATM-containing lymphoblastoid cell line, BRCA1
also became phosphorylated upon treatment with adriamycin;
however, the protein expression level decreased significantly
by 24 h post-treatment. As p53 is wild-type in these lines, it is
possible that the accumulation of p53 via ATM in the normal
cell line led to a reduction of BRCA1 expression. Another DNA-
damaging agent (mitomycin C) was also seen to cause a repres-
sion of BRCA1 protein expression only in the PA1 and HCT116
(colon carcinoma) wild-type p53-expressing cell lines, whereas
no reduction or an induction was observed in the mutant
p53-expressing lines SW480 and SkOV-3 (ovarian carcinoma)
(Fig. 10).

Repression of BRCAI Is Dependent on the Presence of
pb53—In addition to the differences in p53 status among the
seven cancer cell lines described above, they are likely different
genetically in many other ways as well. To more closely draw a
link between BRCA1 repression and wild-type p53 presence,
we utilized the H460 lung cancer cell line that expresses wild-
type p53. Two variants of this line either express the human
papilloma virus E6 protein that degrades p53 (H460-E6) or
carry only the backbone vector from which human papilloma
virus E6 is expressed (H460-Neo). Upon treatment of these
lines with either 0.2 or 0.4 ug/ml adriamycin for 24 h, only the
H460-Neo line stabilized p53 protein, whereas there was no
detectable p53 protein in the H460-E6 line (Fig. 2), consistent
with the previously reported E6-mediated p53 degradation in
this line (27). Whereas BRCA1 protein shifted in the H460-E6
line treated with adriamycin, the H460-Neo cell line displayed
a marked decrease in the BRCA1 protein expression level with
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Fic. 2. p53 dependence on BRCAL1 repression. H460-Neo and
H460-E6 cells were treated with either 0.2 or 0.4 pg/ml adriamycin
(Adria) for 24 h, harvested for total protein, and electrophoresed on a
10% denaturing gel. Proteins were immunoblotted with anti-BRCA1 or
anti-p53 monoclonal antibody.

a similar mobility shift in the protein seen in the H460-E6 line.
This reduction correlated with accumulation of p53 protein.

Kinetics of BRCA1 Repression by p53—To determine if
BRCAL1 repression correlated temporally with the onset of p53
protein accumulation post-treatment with adriamycin, we in-
vestigated the kinetics of BRCA1 disappearance in the H460
cell line after treatment with 0.2 ug/ml adriamycin. Total cel-
lular RNA and protein were harvested at various time points
over the course of 24 h. As early as 8 h after treatment with
adriamycin, a reduction in BRCAI RNA to below basal levels
was observed (Fig. 3A). By 12 h post-treatment, BRCA1 protein
had completely disappeared, whereas another tumor suppres-
sor, pRb, remained expressed (Fig. 3B). The reduction in
BRCA1 RNA correlated with the appearance of p53 protein,
and the disappearance of BRCA1 protein correlated with the
appearance of the p53 transcriptional target p21WVAFL, Activa-
tion of p53 expression did not affect expression of another
tumor suppressor, pRb. Repression of BRCA1 did not appear to
be downstream of the apoptotic effects of p53, as no signs of
apoptosis in the H460 cell line were noted at 12 h, the time
point after adriamycin treatment when repression of BRCA1
protein is most noticeable. We have previously determined the
ID;, in response to adriamycin for this cell line to be 0.53 pg/ml
(27), which is above the concentration used here and was de-
rived from a 7-10-day treatment period. It is interesting to note
that immediately upon treatment of the cells with adriamycin,
BRCA1 RNA increased ~2-3-fold, and an increase in BRCA1
protein was noted, indicating a rapid induction response of
BRCA1 to DNA damage. This increase may explain why in
mutant and null p53 cell lines there is apparently more BRCA1
protein present after DNA damage (Fig. 1).

Ectopic Expression of p53 Reduces BRCAI—To potentially
eliminate other pathways activated by adriamycin treatment,
we ectopically expressed p53 protein using an adenovirus vec-
tor in the mutant p53-expressing cell line SW480. Infection
with Ad-p53, but not with Ad-LacZ or Ad-E2F, resulted in a
complete disappearance of BRCA1 protein (Fig. 4A). Overex-
pression of p53 also resulted in a significant reduction in
BRCAI mRNA as well, indicating that the decrease in protein
noted by accumulation of p53 by adriamycin or overexpression
by p53 adenovirus may be due to lack of BRCAI transcription
(Fig. 4B). As has been suggested in the literature, BRCA1
expression may be cell cycle-regulated, with high levels of
protein in cells in S and G,/M phases and lower expression
levels in cells in early G, phase (35). The p21WVAF! protein has
been found to mediate the p53-directed G; phase arrest (28). To
determine if p53 was causing the repression of BRCA1 through
the action of its downstream target p21, HCT116 and DLD1
cells deleted of their respective p21-coding region were infected
with p53 adenoviruses and harvested for protein and RNA. As
shown in Fig. 4 (C and D), p53 repressed BRCA1 protein and
mRNA equally well in both p21™* and p21~/~ cells, indicating
no requirement of p21 for this repression. Interestingly, in
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Fic. 3. Time dependence of induction and repression of
BRCAL. H460 cells were treated with 0.2 pg/ml adriamycin and har-
vested for total RNA or protein at the indicated time points after
treatment. A, RNA was Northern-blotted for BRCA1 expression using
full-length BRCA1 as probe; B, total protein was immunoblotted for
BRCAL, p53, p21, and pRb using the antibodies described under “Ma-
terials and Methods.”
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several experiments, we found BRCA1 protein and RNA to be
expressed at much lower levels in both null p21 cells used here.
p21 may in fact exert positive effects on the expression level or
stability of the BRCA1 transcript or protein unrelated to the
cell cycle in asynchronously growing cells. To determine if p21
overexpression may be able to repress BRCA1 protein to levels
seen in cases of p53 overexpression, we infected HCT116 cells
with p53- and p21-expressing adenoviruses, harvested for total
protein, and immunoblotted for BRCA1l. Whereas some de-
crease in BRCA1 protein levels was noted in Ad-p21-infected
cells (as expected due to a presumed G, phase arrest), the
decrease in Ad-p53-infected cells was much greater, indicating
that the effect that p53 has on BRCA1 expression levels goes
beyond that of halting the cell cycle and may be a direct effect
on transcriptional levels.

p53 Represses the BRCA1 Promoter—Luciferase reporter
constructs with 1500, 800, or 200 bases upstream of the BRCA1
transcriptional start site (34) were cotransfected into Saos2
cells with a p53 mammalian expression vector, and luciferase
activity was determined. Compared with vector-alone transfec-
tions, p53 repressed all BRCAI promoter-luciferase constructs
~10-fold, whereas p53 expressed from the same vector was
able to activate a construct containing 13 copies of the consen-
sus p53-binding site (pG13) (Fig. 5).

Reintroduction of BRCA1 into Adriamycin-treated Wild-type
pb3-expressing Cells—To determine if re-expression of BRCA1
under conditions where it is normally repressed after DNA
damage has any effect on cellular division, we treated MCF7
breast cancer cells with adriamycin and subsequently infected
them with a BRCA1l-expressing adenovirus. Whereas adriamy-
cin treatment resulted in a G, and G, phase arrest, reintroduc-
tion of BRCA1 caused a reduction in G, phase cells and an
increase in cells containing greater than 4N DNA content (Fig.
6A). This is opposed to ectopic expression of BRCA1 alone,
which causes a G, and (to a lesser extent) G, phase arrest in
MCEF7 cells, with virtually no cells progressing beyond mitosis.
Whereas adriamycin caused cell cycle arrest in MCF7 cells,
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FiG. 4. Ectopic expression of p53 represses BRCA1 protein.
SW480 cells were infected with the indicated adenoviruses at m.o.i. =
50. At 24 h post-infection, cells were harvested for total protein (A) or
RNA (B). HCT116 and DLD1 cells and their p21~/~ variants were
infected with the indicated adenoviruses at m.o.i. = 40. 24 h post-
infection, cells were harvested for total RNA (C) or protein (D). HCT116
cells were infected with the indicated adenoviruses at m.o.i. = 40 (E).
24 h post-infection, cells were harvested for total protein, electrophore-
sed on a 6% SDS-polyacrylamide gel, and immunoblotted for the indi-
cated proteins. Adria, adriamycin. L, LacZ; P, p53.
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Fic. 5. p53 represses the BRCAI promoter. Saos2 cells were
transfected with the BRCAI promoter reporter (—200BRCA,
—800BRCA, and —1500BRCA) or pG13 along with pCEP4 or pCEP4-
p53 as well as pPCMV as an internal control. The luciferase activities of
the lysates were measured and normalized to B-galactosidase activity.

p53-mediated apoptosis was the predominant result from this
treatment in H460 cells. To determine if BRCA1 had any effect
on the induction of cell death by adriamycin, H460 cells were
infected with LacZ-, p53-, or BRCAl-expressing adenoviruses,
treated with 0.2 wg/ml adriamycin, and monitored for cell
death over the course of 36 h by trypan blue exclusion (Fig. 6B).

p53 Repression of BRCAI

Consistent with previously published results (43), Ad-p53 in-
fection was strongly synergistic with adriamycin in apoptosis
induction. On the other hand, Ad-BRCA1 in fact slightly de-
layed cell death compared with uninfected adriamycin-treated
cells up until 36 h after infection/treatment. Ad-BRCA1 infec-
tion also had a dampening effect on the Ad-p53/adriamycin
synergy, suggesting that p53 may in part provide this synergy
by rapidly down-regulating endogenous BRCA1 expression.
Therefore, the repression of BRCA1 in wild-type p53-express-
ing cells that undergo programmed cell death in response to
adriamycin may be a means by which cells prepare for apopto-
sis, and untimed expression of BRCA1 during this process (via
adenovirus) may delay this induction.

DISCUSSION

The effect on BRCA1 in response to cellular stresses has been
the topic of much recent interest. BRCA1 was initially found to
become rapidly phosphorylated after treatment with DNA-
damaging agents such as y-radiation, UV light, adriamycin,
and mitomycin C (22). This phosphorylation has been hypoth-
esized to result in the release of CtIP (8) and subsequent
activation of the transcriptional activity of BRCA1, resulting in
up-regulation of such genes as GADD45 that are induced upon
cellular stresses (18, 19).

We have shown previously that BRCA1 is able to induce the
accumulation of p53, another event that occurs when wild-type
p53-expressing cells are stressed (21). This result was achieved
by overexpression of BRCA1 in wild-type p53-expressing cells.
Here it is shown that BRCA1 expression in fact slightly in-
creases at both the RNA and protein levels immediately after
exposure to adriamycin. It is possible that this up-regulation
sets off a process that ultimately leads to p53 stabilization, a
process that is simulated by hyperexpression of BRCAl. A
similar event that leads to p53 stabilization is the induction of
pl142RF However, recent evidence suggests that pl44%F is
quickly repressed by p53 itself, acting in a negative feedback
loop (25). Here we describe that regulation of BRCA1 expres-
sion works in much the same way, seems to be dependent on
ATM and p53, and can be simulated by overexpression of p53.

Whereas wild-type p53-expressing cells such as H460 and
PA1 did not display significant BRCA1 expression after adria-
mycin treatment, mutant or null p53-expressing cells pos-
sessed abundant BRCA1l protein that was often increased
above levels found in untreated cells. Since BRCA1 protein and
RNA were found to be expressed at higher levels immediately
following treatment, we hypothesize that this increased level of
BRCA1 expression in mutant or null p53-expressing cells is
due to the fact that p53 may be responsible for reduction of
BRCAL1 to or below basal levels after the initial treatment. In
the absence of functional p53, BRCA1 levels remained high
throughout the treatment. Similar observations have been
made regarding rapid up-regulation of BRCA1 expression fol-
lowing exposure of human cells to ultraviolet radiation.?

p53 appears to act on the region closest to the transcriptional
start site of BRCA1 for its repressive effects. Similar results
have been found with respect to p53 repression of other pro-
moters such as Map4, stathmin, and bcl-2 (36, 37), and in the
case of Map4 and stathmin, p53 has been shown to induce
repression to this region of the promoter by recruitment of
mSin3a and associated histone deacetylases (37). There has
been a p53-negative regulatory element described for the bcl-2
promoter that is able to confer repression of heterologous pro-
moters by p53 and that resides within 200 bases upstream of
the transcriptional start site of bcl-2 (36). Therefore, p53 may
be acting on this region of the BRCAI promoter for its repres-

2 B. L. Weber, personal communication.
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Fic. 6. Effect of Ad-BRCAL1 infection on wild-type p53-expressing cells after adriamycin treatment. A, MCF7 cells were either treated
with 0.2 ug/ml adriamycin or mock-treated for 24 h. Cells were then left in adriamycin for an additional 18 h and infected with LacZ or BRCA1
adenoviruses at m.o.i. = 20 or mock-infected. Cells were harvested, fixed, and analyzed for DNA content on a Coulter flow cytometer. PI, propidium
iodide. B, H460 cells were infected with the indicated adenoviruses at m.o.i. = 10 and treated with 0.2 pg/ml adriamycin (Adria). Cells were
harvested 12, 18, 24, and 36 h post-infection/treatment and measured for their ability to absorb trypan blue dye. The amount of cells taking up

this dye is proportional to the number of cells undergoing cell death.

sive effects, although additional work is required to precisely
map the negative regulatory elements. We have not ruled out,
however, that p53 may be additionally contributing to a de-
creased stability of the BRCA1 protein and mRNA, noting that
BRCA1 protein has recently been shown to be degraded
through the ubiquitin-proteasome pathway (38).

Some data have shown that BRCA1 expression is regulated
throughout the cell cycle (35). Cells in G; phase possess a
reduced level of BRCA1 protein, whereas those cells transition-
ing through S and G, express much higher levels of BRCA1. An
argument can be made that BRCA1 levels are reduced after
adriamycin treatment and p53 overexpression by virtue of cell
cycle arrest in G; phase. Indeed, p53 protein is induced by

adriamycin as well as its downstream target p21WVAF! (a potent
inhibitor of the G;/S phase transition) after treatment with
DNA-damaging agents in wild-type p53-expressing cell lines.
However, we have found that whereas p21WAF! expression is
able to down-regulate BRCA1 to approximately basal levels,
p53 causes BRCA1 protein to disappear altogether. In addition,
cells lacking the p53 target p21WVAF! that are not able to arrest
in G, in response to p53 stabilization by DNA damage (39) also
display repression of BRCA1 by p53. Nonetheless, down-regu-
lation of BRCA1 by p53 may be due in part to a halt in cell cycle
progression past the G,/S border, but is repressed to levels
beyond those seen in cell cycle arrest, indicating additional
mechanisms to repress BRCA1 expression.
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The purpose of down-regulation of a protein supposedly in-
volved in DNA repair and sensing of DNA damage when a cell
is stressed is somewhat of an enigma. However, given that the
phosphorylation of BRCA1 and up-regulation of the RNA and
protein are rapid immediate events following DNA damage, it
is possible that the utility of BRCA1 after the initial sensing of
damage is no longer present. We have reintroduced BRCA1
into MCF7 cells treated with adriamycin for 24 h by way of
adenovirus infection, and we have observed subtle differences
in cell cycle phase distribution that included reduction in G,
phase-arrested cells as well as an increase in cells containing
greater than 4N DNA content. Perhaps in this situation, the
repression of BRCA1 is a mechanism by which p53 ensures
that a cell does not progress into another replicative phase.
BRCAL1 protein has been shown to be expressed at high levels
in S phase (35), to be present in a nuclear dot pattern during
replication (22), and to be required for embryonic cell prolifer-
ation (40). Therefore, untimed expression of BRCA1 after DNA
damage, once endogenous BRCA1 has been fully repressed,
may allow the cell into a DNA replicative phase uncoupled from
cell division that is inhibited by the DNA damage through
other mechanisms. Alternatively, exogenous expression of
BRCA1 in adriamycin-treated wild-type p53-expressing cells
that undergo apoptosis appears to delay apoptosis induction by
~12 h. Combined with recent data showing resistance of
BRCA1 mutant HCC1937 cells to y-irradiation once wild-type
BRCAL is reintroduced to the cells via transfection or retrovi-
rus infection (41, 42), these results suggest that, under these
conditions, BRCA1 repression (or functional absence) may al-
low the cell to initiate apoptosis earlier or more effectively,
whereas the presence of wild-type BRCA1 may provide suffi-
cient DNA repair to sustain cell viability at least for a short
period.

It is also possible that p53 may regulate BRCAl-mediated
DNA repair mechanisms. Transcription-coupled repair, double
strand break repair, and reversion of UV-induced DNA adducts
have been suggested as functionalities of BRCA1 (2, 12). p53
may attempt to down-regulate these functions after they are
completed by repression of BRCA1. This may point to a control
p53 exerts over DNA repair: how much, what form, and when
certain repair functions can take place following damage.

The results presented here are similar to those published by
Andres et al. (23) and Fan et al. (24). In those reports, BRCA1
mRNA expression was predominantly described by reverse
transcription-polymerase chain reaction methods. We also
found that the protein was reduced 12 h after treatment as well
in all wild-type p53-expressing cells examined. This runs con-
trary to the findings of Andres et al., who reported that de-
creases in BRCA1 protein were not observed until several days
after treatment with adriamycin. Therefore, our study differs
from previous reports on this issue in that a definitive link
between p53 status and expression and BRCA1 repression was
obtained. We also observed an induction of BRCA1 protein and
mRNA immediately following DNA damage. This result, to-
gether with the findings of p53 regulation of BRCA1, helps
explain why there appear to be higher levels of BRCA1 protein
after exposure to adriamycin in mutant and null p53-express-
ing cells. These results also lend credence to previous findings
of BRCA1 overexpression causing p53 accumulation and acti-
vation of gene expression in that an increase in BRCA1 expres-
sion is indeed a physiological event that may truly cause these
downstream effects in vivo.

In conclusion, we have found that p53 may be responsible for
the reduction in BRCA1 protein and RNA levels following the
onset of DNA damage. We also observed an increase in both
protein and RNA immediately after treatment of H460 cells
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with the DNA-damaging agent adriamycin, an induction that
does not regress in cells that express mutant p53 or are null for
the gene. Although we have shown previously that BRCA1 is
able to induce p53 protein accumulation upon overexpression,
our hypothesis is that p53 acts in a negative feedback loop with
BRCA1, as it does with other proteins that induce its
stabilization.
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