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week, recombinant plaques were identified and picked. Several plaque-purified
viruses were then screened for BRCAI production by using nickel-affinity
chromatography to purify expressed protein from infected SF9 cells. Purified
BRCA1 was detected either by Coomassie Brilliant Blue staining or by
Western blotting with MAb 6B4.

FACS Analysis. Cells (5 X 10°) were trypsinized, fixed in 70% cold
ethanol, washed in PBS, and resuspended in 1 ml PBS containing 200 pg/ml
RNase A and 20 pg/ml propidium iodide for 30 min at 37°C. Flow cytometric
analysis was done using a FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA).

Kinase Assay. Cells were lysed in Lysis 250 buffer, and the lysate was
diluted with cold Lysis O buffer to a final NaCl concentration of 125 mMm, as
described previously (17). The extracts were then immunoprecipitated with
antibodies against various cyclins and CDKs (CDC2, CDK2, CDK4, cyclin D,
cyclin E, and cyclin A; all purchased from Santa Cruz Biotech, Santa Cruz,
CA; anticyclin B antibody was a gift from L-H. Tsai, Harvard Medical
School). The precipitates were washed and then resuspended in 50 ul CDC2
kinase buffer (75 mm HEPES, pH 7.5, 100 mM MgCl,, 25 mm EGTA, 3 mM
DTT, and 1 pug/ml BSA) and incubated in the presence of 10 uCi [y->2PJATP
for 30 min at 30°C. The reactions were then washed twice in cold kinase
buffer, and the complexes were dissociated by boiling in SDS/DTT buffer and
re-immunoprecipitated with anti-BRCA1, as described previously (5). The
resultant precipitates were separated by SDS-PAGE, and the gel dried and was
exposed to X-ray film.

Results

Generation and Characterization of Antibodies against Three
Distinct Regions of BRCA1. We have generated three mouse poly-
clonal antisera against human BRCA1 using GST fusion proteins
encoding three different regions of the BRCA1 protein as immuno-
gens (depicted schematically in Fig. 1A). As shown in Fig. 1B (Lanes
2, 4, and 6), each of the three independent antisera immunoprecipi-
tated a protein, running as a doublet band, with a molecular mass of
220 kDa from whole-cell lysates of [>*S]methionine-labeled HBL100
(immortalized human breast epithelial) cells. This protein was not

seen using preimmune serum (Fig. 1B, Lane 1). Since several other
proteins are co-immunoprecipitated with BRCA1, the specificity of
each antiserum was further confirmed using a double IP protocol (5)
in which the first round precipitates were denatured to disrupt any
protein complexes and then re-immunoprecipitated with the same
antibody. This more stringent protocol resulted in the detection of
only the 220-kDa doublet by all three antisera (Fig. 1B, Lanes 3, 5,
and 7), strongly suggesting that only the doublet is specifically rec-
ognized by the three independent antisera and that, most likely, it is
BRCAI. Many of the other bands detected in the single-step IP are
also seen with preimmune serum and are thus likely to be nonspecific.
However, some bands in addition to the 220-kDa doublet are not
detected with preimmune serum. These may be proteins that form
complexes with BRCA1. The most compelling of these being co-
immunoprecipitated with all three antisera, e.g., bands at 110 kDa
(Fig. 1B).

To further confirm that the 220-kDa protein is BRCA1, we gener-
ated a full-length cDNA for BRCA1 (see “Materials and Methods™).
This was used to drive in vitro translation of the gene product, which
was then immunoprecipitated with the three antisera. As shown in Fig.
2A, all three antisera recognize a 220-kDa protein from the in vitro
translation mixture that comigrates with the lower band of the doublet
detected in whole-cell lysates (Fig. 24, Lanes 1, 3, 4, and 5). Previ-
ously, we have shown the upper band to incorporate radioactive
phosphate, suggesting that it might be a phosphorylated form of
BRCAL1 (5). Consistent with this, treatment of immunoprecipitates
with calf intestinal alkaline phosphatase generated a single band with
the same mobility as the faster migrating band of the original doublet
(Fig. 2A, Lane 2).

BRCAL1 Is Expressed as a 220-kDa Protein Using the Baculo-
virus System. Since the in vitro-translated product is produced in
rather small quantities, presumably due to the size of the transcript, we
generated a baculovirus-based expression system for BRCAL1 to pro-
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duce greater quantities of full-length BRCA1 that could be readily
purified using nickel-affinity chromatography (see “Materials and
Methods™). Several plaque-purified recombinant viruses were ana-
lyzed and found to produce a 220-kDa protein that could be isolated
by nickel-affinity chromatography from lysates of infected SF9 cells
(data not shown). This protein was not detected in lysates of unin-
fected SF9 cells. When extracts from infected SF9 cells were immu-
noprecipitated using each of the three antisera and the immunopre-
cipitated protein was detected by probing a Western blot with the
anti-BRCA1 MAb 6B4, a 220-kDa protein was detected that comi-
grated with endogenous BRCA1 from HBL100 cells (Fig. 2B). This
protein could not be detected in uninfected cells or by immunopre-
cipitating with preimmune serum.

The Expression of BRCA1 Follows the Cell Cycle. High-level
BRCA1 mRNA expression in mice has been shown to correlate with
tissues undergoing rapid proliferation combined with differentiation
(7, 8). Thus, we reasoned that BRCA1 expression might vary with cell
cycle stage. To investigate this possibility, we analyzed the expression
of BRCAL in synchronized T24 bladder carcinoma cells. These cells
are conveniently arrested in G, by contact inhibition and display very
high synchrony upon replating at low density in fresh medium. Fig.
3A (upper panel) depicts an IP/Western for BRCA1 using extracts
made either at various times following release of T24 cells from
density arrest or from T24 cells arrested in M-phase using nocodazole
(0.4 pg/ml for 8 h). The cell cycle distribution profile at each time
point, determined by FACS analysis, is presented in Fig. 3C. The
phosphorylation status of Rb in the same extracts was used as an
additional indicator of cell cycle progression (Fig. 3A, middle panel),
and staining for p84 (Fig. 3A, bottom panel) served to quantify
loading. Although BRCAL is readily detected in unsynchronized cells
(Fig. 3A, Lane 1), it is expressed at very low levels in early G,, such
that it is undetectable by Western analysis until 18 h after release (Fig.
4A, Lane 4). This corresponds to late G,, since the cells still have a 2N
DNA content by FACS analysis, but Rb has already become phos-
phorylated (Fig. 3A, middle panel, Lane 4). As the cells enter S phase,
BRCAI expression rapidly increases to a maximum. (Fig. 3A, top
panel, Lanes 5 and 6). Although the expression level decreases
somewhat in M phase, it remains high overall (Fig. 3A, top panel,
Lane 7).
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Immunostaining of BRCA1 during the Cell Cycle. Given the
alterations in expression level of BRCA1 in parallel with cell cycle
progression, it was of interest to determine whether differences in the
immunostaining pattern could also be detected. To do this, T24 cells
were again arrested in G, by density arrest and then stimulated to
enter the cell cycle synchronously by replating on coverslips at low
density. At various times, cells were fixed and stained, as described
previously (5, 14), for BRCA1 expression by indirect immunofluo-
rescence and for DNA using 4',6-diamidino-2-phenylindole. The re-
sults are presented in Fig. 3D. Eleven h after release, BRCAL1 is just
detectable as homogenous nuclear staining (Fig. 3D, a and b). As cells
progress into S phase (24 and 33 h after release), staining intensifies
(consistent with the IP/Western data) and becomes punctate (Fig. 3D,
¢-f). During mitosis, BRCA1 staining appears to surround the chro-
mosomes as they align on the metaphase plate (Fig. 3D, g and k) and
then move apart (Fig. 3D, i and j). As the cells reenter G,, weak,
homogenous nuclear staining returns (Fig. 3D, k and [), confirming
that BRCAL1 is expressed throughout the cell cycle, although it is
undetectable by Western analysis in early G, (Fig. 3A, top panel).

Phosphorylation of BRCA1 Is Cell Cycle Dependent. As shown
in Fig. 24, BRCAL1 is phosphorylated in vivo, resulting in the detec-
tion of both hypo- and hyperphosphorylated species as a 220-kDa
doublet by IP. The dependence of this phosphorylation on cell cycle
progression was investigated by pulse-labeling synchronized T24
cells with [2P]P, at various times following release from G, arrest or
following nocodazole arrest. Cell extracts were then immunoprecipi-
tated with anti-BRCA1. This analysis revealed BRCA1 to be phos-
phorylated in a cell cycle-dependent manner that paralleled its expres-
sion, becoming evident in mid/late G,, rising to a maximum in S
phase, and then remaining elevated through M phase (Fig. 3, A and B).

Phosphorylation of BRCA1 by Specific Cyclin-dependent Pro-
tein Kinase Complexes. Since BRCA1 phosphorylation is cell cycle
dependent, we tested whether any known cell cycle-dependent protein
kinases could phosphorylate BRCAL. To do this, cell lysates were
immunoprecipitated with antibodies directed against various CDKs
and cyclins. The precipitates were then incubated in kinase buffer in
the presence of [y->?P]ATP. Finally, the precipitates were washed,
dissociated, and re-immunoprecipitated with anti-BRCA1 antibodies.
The resulting precipitates were then separated by SDS-PAGE, and the
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Fig. 3. BRCA1 expression and phosphoryla-
tion is cell cycle dependent. A, extracts from
synchronized T24 cells were aliquoted, immuno-
precipitated with antibodies, separated by SDS-
PAGE, Western blotted, and probed as follows:
top panel, 1 X 107 cells/lane were probed for
BRCALl using anti-BRCAl antiserum; middle
panel, 1 X 10° cells/lane were probed for
p110RB using MAb 11D7; lower panel, 5 X 10°
cells/lane were probed for p84 with MAb SE10.
Lane 1 (U), unsynchronized cells; Lane 2 (G1),
1 h after release; Lane 3 (G11), 11 h after re-
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BRCAL. The upper and lower panels in this
figure are different exposures of the same gel. C,
FACS analysis of the synchronized cells at the
time points assayed showing the percentage of
distribution of cells in the various stages of the
cell cycle. D, immunofluorescence staining for
BRCALI during cell cycle progression. g, ¢, e, g,
i, and k, 4’,6-diamidino-2-phenylindole staining
for DNA. b, d, f, h, j, and /, indirect immunoflu-
orescence staining for BRCAl using anti-
BRCAL antibody as the primary and FITC-con-
jugated sheep anti-mouse antibody as the
secondary. a and b, 11 h after release (G/1); ¢
and d, 24 h after release (G24); e and f, 33 h after
release (G33); g and h, metaphase; i and j, telo-
phase; k and /, cells reentering G,.

gels dried and were autoradiographed. The results of a typical exper-
iment, presented in Fig. 4, show BRCAI to be phosphorylated by
cdk?2 and kinases associated with cyclins D and A. This is consistent
with the initiation of BRCA1 phosphorylation in mid G, and with its
continued phosphorylation during S phase.

Discussion

We have characterized three antisera specific for BRCA1 and used
them to analyze BRCAIl expression in normal cells. Our results
confirm and extend our previous observation that BRCAL is a 220-
kDa nuclear phosphoprotein in normal cells. We show that our poly-
clonal antisera, raised against three different regions of the BRCA1
protein, all specifically recognize a 220-kDa protein in whole-cell
lysates. Immunostaining reconfirmed our previous observation that
BRCAL is a nuclear protein in normal cells (5). Confirming that the
220-kDa protein is bona fide full-length BRCAI, both in vitro-
translated BRCA1 and recombinant BRCA1 expressed using the
baculovirus system were shown to comigrate with BRCA1 from
HBL100 cells. In human cells, BRCA1 migrates as a doublet, the
upper band of the doublet being a phosphorylated form of BRCAL.
The 220-kDa size is fully consistent with the predicted molecular
weight for full-length BRCA1 and is in agreement with our previous
data (5) and that presented by Scully et al. (11). It is puzzling that
others have reported detecting a 190-kDa protein using antibodies
raised against the same immunogen as Scully et al. (11-13). BRCA1
is reported to undergo alternative splicing (1), and it is possible that
the 190-kDa species is an alternatively spliced variant of BRCA1
expressed in some cell types. However, the same size protein was also

detected in cells transfected with a retrovirus expressing a full-length
BRCA1 cDNA (18). The same report also described a baculovirus-
derived, recombinant BRCA1 with a molecular weight of M, 180,000
(13). Our baculovirus-derived BRCA1 was expressed as a 220-kDa
protein that comigrated with BRCA1 from HBL10O cells. The fact
that this 220-kDa protein could be detected by three separate criteria,
nickel-affinity chromatography, IP with three independent BRCA1-
specific antisera, and Western blotting with a BRCA1-specific mono-
clonal antibody, make it very unlikely that this protein is not correctly
synthesized. There are three possible explanations for these differ-
ences: (a) production of proteins using baculovirus requires introduc-
tion of the cDNA of interest into the viral genome by homologous
recombination. It is possible that inaccurate recombination would
generate an incomplete protein; we examined multiple plaque-purified
viruses, and all were found to produce a 220-kDa protein; (b) we have
noted that BRCAL is susceptible to proteolytic degradation and have
occasionally seen lower molecular weight degradation products in
addition to the full-length 220-kDa protein. This second possibility
may also explain the detection of a 190-kDa protein in human cell
extracts; and (c) it is possible that the peptide antisera used in the other
studies are not specific for BRCA1 but for some other protein such as
the epidermal growth factor receptor.’

Several lines of evidence suggest that BRCAL1 plays a critical role
in the regulation of cell growth and determination, at least in mice.
BRCA1 (—/—) homozygous embryos die at post coital day 8.5,
suggesting a role for BRCAL in early cell fate determination (10).

5 F. Calzone, personal communication.
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Fig. 4. Phosphorylation of BRCA1 by various cdks. Extracts from HBL100 cells were
precipitated with various anti-cyclin/cyclin-dependent kinase antibodies, as shown. Pre-
cipitates were incubated in kinase buffer in the presence of [y->?PJATP and then washed
and dissociated. The resultant supernatants were reprecipitated using anti-BRCAL1 anti-
bodies and separated by SDS-PAGE; then the gels dried and autoradiographed.

Whether BRCAL1 has a similar role in humans is unclear. A develop-
mentally normal woman has been described carrying germ line non-
sense mutations in both alleles of BRCA1 (19). It is possible that in
humans there is functional redundancy between BRCA1 and another
protein, or that different mutations have varying effects. In this regard,
it is worth noting that homozygous-null individuals are yet to be
reported among the extensively studied Ashkenazi Jewish population
that has a high incidence of breast and ovarian cancer due to a founder
BRCA1 mutation (20). In situ hybridization studies show ubiquitous
BRCAL1 expression in early mouse embryos, and the timing of this
expression, as well as that seen in breast epithelium during puberty, is
consistent with BRCA1 expression being highest in tissues that are
undergoing rapid growth and differentiation (7, 8). Consistent with
these observations, we found BRCA1 to be expressed in a cell
cycle-dependent manner. Initial expression is detected in mid-G, at,
or just prior to, the restriction point. Expression builds to a maximum
in S phase and then remains high throughout M phase, falling to low
levels again in G,. In parallel with the increase in expression seen as
cells transit G, and enter S phase, BRCA1 becomes phosphorylated,
apparently by kinases associated with cyclins D and A and by CDK2.
Since CDK2 can complex with both cyclin D and cyclin A, it is
possible that the kinase for BRCAIl is CDK2/cyclin D or CDK2/
cyclin A. However, other kinases, such as CDK6, may also phospho-
rylate BRCAI. Nevertheless, that BRCAL1 is phosphorylated in par-
allel with its synthesis suggests that the phosphorylated species may
be the active form of the protein and that its activity is regulated by
CDKs. Consistent with this, there are two consensus CDK phospho-
rylation sites within BRCA1. However, confirmation of this possibil-
ity awaits further dissection of the biological activity of BRCALI.

In summary, three polyclonal antisera specific for different regions
of the BRCAI protein have been characterized and used to confirm

that BRCAI is a 220-kDa phosphoprotein in human cells. It is
expressed and phosphorylated in a cell cycle-dependent manner and is
localized to the nuclei of normal cells. The availability of well-
characterized antibodies and large quantities of recombinant protein
should greatly facilitate further dissection of the function of BRCAI.
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