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Abstract
Signaling pathways involved in regulating nuclear-cytoplasmic distribution of BRCA1 have not been
previously reported. Here, we provide evidence that heregulin β1-induced activation of the Akt
pathway increases the nuclear content of BRCA1. First, treatment of T47D breast cancer cells with
heregulin β1 results in a two-fold increase in nuclear BRCA1 as assessed by FACS analysis,
immunoblotting and immunofluorescence. This heregulin-induced increase in nuclear BRCA1 is
blocked by siRNA-mediated down-regulation of Akt. Second, mutation of threonine 509 in BRCA1,
the site of Akt phosphorylation, to an alanine, attenuates the ability of heregulin to induce BRCA1
nuclear accumulation. These data suggest that Akt-catalyzed phosphorylation of BRCA1 is required
for the heregulin-regulated nuclear concentration of BRCA1. Because most functions ascribed to
BRCA1 occur within the nucleus, we postulated that phosphorylation-dependent nuclear
accumulation of BRCA1 would result in enhanced nuclear activity, specifically transcriptional
activity, of BRCA1. This postulate is affirmed by our observation that the ability of BRCA1 to
transactivate GADD45 promoter constructs was enhanced in T47D cells treated with heregulin β1.
Furthermore, the heterologous expression of BRCA1 in HCC1937 human breast cancer cells, which
have constitutively active Akt, also induces GADD45 promoter activity, whereas the expression of
BRCA1 in which threonine 509 has been mutated to an alanine is able to only minimally induce
promoter activity. These findings implicate Akt in upstream events leading to BRCA1 nuclear
localization and function.
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INTRODUCTION
BRCA1 is a tumor suppressor with functions that can be classified as either nuclear or non-
nuclear. Its nuclear functions include inhibition of cell growth [1], induction of apoptosis [2],
and regulation of the cell cycle [3]; as well as serving as a transcriptional co-activator [4], an
E3 ubiquitin ligase [5] and a caretaker in maintaining genomic integrity [6,7]. The known
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nonnuclear function of BRCA1 is to regulate centrosome duplication [8]. Many of these
functions are overlapping. For example, the abilities of BRCA1 to inhibit cell growth, regulate
the cell cycle and induce apoptosis are probably due to its transcriptional co-activation activity.
BRCA1 induces the expression of genes involved in these processes, including p21WAF/Cip 1

[3] and GADD45 [9], which control the cell cycle, and p53 [10] and Bcl-2 [11], which have
roles in apoptosis. The ability of BRCA1 to function in DNA repair processes may be coupled
to its ability to act as an E3 ubiquitin ligase. In this context, BRCA1 interacts with BARD1
[BRCA1-associated RING domain 1] to enhance this ligase activity [12] and targets histone
H2A/H2AX [13], which colocalizes with BRCA1 at sites of DNA damage. These findings
suggest that BRCA1 also can modify chromatin structure, possibly by ubiquitination, as it
maintains genomic integrity.

BRCA1 is predominantly a nuclear protein but undergoes nuclear/cytoplasmic shuttling. The
nuclear import of BRCA1 has been proposed to be mediated through interaction with importins
or with BARD1. BRCA1 interacts with importin α and can be actively imported into the nucleus
via the importin α/β pathway. Interaction with importin α can occur through two nuclear
localization signals in BRCA1 located at amino acids 503-508 and 606-615 [14], but studies
suggest that only the interaction at amino acid residues 503-508 is physiologically important
in targeting BRCA1 to the nucleus [15]. The interaction of BARD1 with BRCA1 also results
in the translocation of BRCA1 into the nucleus via a piggyback mechanism [16,17]. The
nuclear export of BRCA1 occurs via two leucine-rich nuclear export sequences located at
amino acid residues 81-99 [17] and 22-30 [18].

BRCA1 is hyperphosphorylated during the late G1 and S phases of the cell cycle and
dephosphorylated during early M phase [19]. Protein kinases that phosphorylate BRCA1
include ATM [20], Cds1 (check point kinase) [21], ATR [22] and Akt [23]. Altiok et al. [23]
demonstrated that heregulin β1 stimulation of the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway results in phosphorylation of BRCA1 by Akt on threonine 509, which is adjacent to
the nuclear localization signal at residues 503-508 in BRCA1. Importantly, however, the
functional significance of the phosphorylation at threonine 509 on the nuclear localization of
BRCA1 has not been investigated.

The present studies were undertaken to assess the importance of the Akt pathway in regulating
the nuclear content of BRCA1. Our findings reveal that the nuclear localization of BRCA1 is
enhanced by activation of the Akt pathway and this nuclear accumulation of BRCA1 is
contingent on the availability of threonine 509 for phosphorylation. These studies are the first
evidence for a signal transduction pathway modulating BRCA1 nuclear localization.
Furthermore, the present findings also affirm the functional importance of regulating BRCA1
subcellular localization.

MATERIALS AND METHODS
Cell culture

All cells were obtained from American Type Culture Collection. T47D and HCC1937 cells
were maintained in RPMI 1640 (Invitrogen) with 10% Fetal Clone III (FCS; Hyclone), 1%
insulin-transferrin-selenium A (ITSA; Invitrogen) and 1% antibiotic-antimycotic (Invitrogen).
HeLa cells were maintained in DMEM with 10% FCS and 1% antibiotic-antimycotic. MCF-7
cells were maintained as previously described [18].

Plasmid constructs and mutagenesis
Construction of pEGFPC1-BRCA1 has been previously described [18]. T509A mutation was
generated using the Quik Change XL Site-Directed Mutagenesis kit (Stratagene) using
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pCRScript-BRCA1 as template. An EcoR I-Kpn I fragment of the T509A mutation was then
subcloned into the same sites in pEGFPC1-BRCA1 to yield pEGFPC1-BRCA1T509A.
Mutations were confirmed by DNA sequencing. Oligonucleotides corresponding to DNA
sequences in the GADD45 promoter were designed as described [11] and cloned into the Kpn
I and Bgl II sites of pCAT3 Enhancer plasmid (Promega) to generate GADD45 promoter
constructs. Oligonucleotides were generated by Integrated DNA Technologies (Coralville, IA).

Fluorescence-activated cell sorting
T47D cells (4-5 × 106) were plated in 150 mm cell culture dishes overnight, serum-starved
(0% serum) for 48 h and incubated with 10 nM heregulin β1 (Sigma) or an equal volume of
PBS with 0.1 % BSA (vehicle) for 90 min at 37ºC. Cells were harvested, centrifuged at 300 ×
g at 4ºC for 5 min and resuspended in lysis buffer (0.1 M Tris, pH 7.4, 0.1 M NaCl, 3 mM
MgCl2, 0.5% NP40). After 30-min incubation on ice, the lysate was centrifuged at 600 × g at
4ºC for 5 min. The nuclear pellet was washed with lysis buffer and centrifuged at 600 × g and
washed in PBS. After fixation in 2% paraformaldehyde on ice for 1 h, nuclei were centrifuged
at 600 × g, washed twice in 0.1 M glycine-Tris (pH 7.3), once in PBS and then incubated in
blocking buffer (5% donkey serum, 1% BSA, and 0.1% Triton X-100 in PBS) for 2 h at 4ºC.
Equal numbers of nuclei from each sample were incubated with 1 µg/ml mouse anti-β-
galactosidase IgG (Boehringer Mannheim) or 1:100 mouse anti-BRCA1 IgG (Ab-1;
Calbiochem) in blocking buffer overnight at 4°C. Nuclei were washed in PBS and incubated
in 1:500 dilution of FITC-conjugated donkey anti-mouse IgG in blocking buffer for 45 min at
4ºC. The samples were washed in PBS, incubated in 1 μg/ml RNase H for 15 min at 37ºC and
stained in 250 μg/ml propidium iodide. Fluorescence was detected with a Becton-Dickinson
FACS Calibur Benchtop Analyzer.

Nuclear-cytoplasmic fractionation and Western blotting
For Western blots of fractionated proteins, nuclear and cytoplasmic fractions were isolated
using the Nuclei EZ Prep kit (Sigma). For Western blots of whole cell lysates, cells were lysed
in RIPA (10 mM Tris, pH 8.0, 0.14 M NaCl, 0.25% NaN3, 1% Triton X-100, 1% sodium
deoxycholate, and 0.1% SDS). Proteins were separated through a 6 or 7% SDS-polyacrylamide
gel and transferred to polyvinylidene flouride membrane overnight. Transferred proteins were
immunoblotted for BRCA1 (Ab-1; 1:1000), MSH-6 (1:500; BD Biosciences), topoisomerase
1 (1:1000; Santa Cruz), GFP (1:500; Zymed) overnight at 4ºC or for α-tubulin (1:2000; Sigma)
at room temperature for 30 min. Membranes were washed in TBST and incubated in
peroxidase-conjugated donkey anti-mouse or anti-rabbit IgG (1:10,000; Jackson
Immunoresearch). Bands were detected with either Lumiglo (Cell Signaling) or Super Signal
West Femto Maximum Sensitivity Substrate (Pierce) chemiluminescence systems.
Densitometric analysis was performed using an AlphaImager 2000 Documentation and
Analysis System (Alpha Innotech).

Akt kinase activity assay
The activity of Akt was assayed by the ability of immunoprecipitated Akt to phosphorylate
GSK-3 in an in vitro kinase assay (Akt Kinase Assay Kit; Cell Signaling) per manufacturer’s
protocol. The reactions were terminated by the addition of Laemmli sample buffer and proteins
were separated through a 10% SDS polyacrylamide gel. Akt activity was assayed by
immunoblotting for phosphorylated GSK-3. Membranes were stripped and reprobed for total
GSK-3 (1:1000; Cell Signaling). Total Akt levels were assessed using 1:1000 dilution of Akt
antibody (Cell Signaling).
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Indirect immunocytochemistry
Cells (5 × 104 cells/well) were plated on 22 mm coverslips in six-well dishes overnight, serum-
starved (0% serum) for 48 h and incubated with 10 nM heregulin β1 for 90 min prior to fixation
with 2% paraformaldehyde in PBS for 30 min. Cells were washed twice in 0.1 M glycine-Tris,
pH 7.3, followed by PBS, incubated in blocking buffer followed by an overnight incubation
at 4ºC in primary antibody (Ab-1 or AbC; PharMingen) diluted 1:100 in blocking buffer. Cells
were washed in PBS three times and incubated with Cy3-conjugated donkey anti-mouse or
anti-rabbit IgG (1:2000) (Jackson Immunoresearch). Nuclei were visualized by 4,6
diamidino-2 phenylindole (DAPI; Sigma). The cells were mounted in Aqua-Polymount
(Polysciences, Inc) and fluorescence was analyzed with an Olympus BX41 microscope.
Fluorescence intensities were quantified by obtaining the fluorescence of the whole cell and
the fluorescence within the nucleus of captured images using the AlphaImager 2000
Documentation system. Cells with a nuclear:total fluorescence ratio ≥0.5 are defined as cells
having >50% nuclear fluorescence.

siRNA studies
For Akt siRNA studies, the Signal Silence Akt siRNA kit (Cell Signaling) specific for human
Akt was used. For immunofluorescence, T47D cells were plated onto coverslips in 6-well
dishes at 50,000 cells/well. Cells were transfected with control siRNA alone or with
approximately 20 nM Akt-targeted siRNA using GeneJammer (Stratagene) according to
manufacturer’s protocol. Indirect immunocytochemistry for Akt was performed as described
above using an antibody against Akt1/2 (1:100; Santa Cruz Biotechnology). Secondary
antibody was Cy-3-conjugated donkey anti-rabbit IgG (1:2000; Jackson Immunoresearch). Akt
fluorescence was quantified using AlphaImager 2000 Documentation system. Single cells,
which had been successfully transfected based on the presence of FITC fluorescence from the
control siRNA, within captured images were outlined for quantification of Cy-3 fluorescence.

For Western analysis of Akt expression, cells were plated at 100,000 cells/well. Forty-eight
hours post-transfection, cells were lysed in 100 μl/well Laemmli sample buffer and 40 μl of
each sample was electrophoresed through a 10% SDS polyacrylamide gel. After transfer to
PVDF membrane, Akt was probed using an Akt1/2 antibody (1:1000) overnight at 4ºC and
bands detected as described above.

Transient transfections
Transient transfections of pEGFPC1-BRCA1 or pEGFPC1-BRCA1T509A were performed in
HeLa and MCF-7 cells using 4 μg DNA and 12 μl GeneJammer. For experiments assessing
the heregulin effect, cells were treated with 10 nM heregulin β1 for 90 minutes. Cells were
fixed in 2% paraformaldehyde for 30 min, washed in 0.1 M glycine-Tris, pH 7.4 twice and
once in PBS for 5 min each. Cells were permeabilized in PBS with 5% normal donkey serum,
1% BSA, and 0.1% Triton X-100 for 30 min. Cells were washed in PBS for 5 min and incubated
in 100 μg/ml RNase A (Sigma) in PBS at 37ºC for 20 min. The cells were washed in PBS,
incubated in 333 ng/ml propidium iodide in PBS for 2 min, washed in PBS, mounted in
AquaPoly Mount, and visualized with an Olympus BX 41 microscope.

Choramphenicol acetyltransferase activity assays
T47D cells were transfected with 2 µg of GADD45 promoter constructs and 0.2 µg of β-
galactosidase plasmid [24] in serum-free media. Forty-eight h later, the cells were treated with
vehicle or heregulin β1 for 90 min. After harvesting, β-galactosidase and CAT assays were
performed as previously described [18,24].
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HCC1937 cells were transfected with 2 μg pEGFPC1 or 4 μg wildtype or T509A mutant
BRCA1 construct using GeneJammer. Cells were grown in the presence of G418 to select for
transfected cells. Fluorescence analysis was performed as described above. For CAT assays,
cells were plated at 100,000 cells/well and transfected with 2 μg GADD45 promoter constructs
and 1 µg β-galactosidase plasmid. Forty-eight hours later, cells were harvested and assayed
for β-galactosidase and CAT activities.

Statistical analysis
Where applicable, data were analyzed by a paired Student’s t-test or ANOVA using GraphPad
Prism 4 (GraphPad) software.

RESULTS
Heregulin β1 enhances nuclear accumulation of BRCA1

Based on the report that Akt phosphorylates threonine 509 of BRCA1 [23] and the observation
that this residue is adjacent to the functional nuclear localization signal at amino acids 503-508,
we surmised that activation of the phosphatidylinositol 3-kinase/Akt pathway may influence
the nuclear level of BRCA1. To test this postulate, we compared the nuclear content of BRCA1
in T47D cells after exposure to heregulin β1, an agent previously demonstrated to activate the
Akt pathway [25], to the nuclear content of BRCA1 in vehicle-treated cells. T47D cells were
chosen for this assessment because the initial studies demonstrating the heregulin-induced,
Akt-mediated phosphorylation of BRCA1 were performed with this cell line [23]. For these
studies, cells were serum-starved for 48 h, at which time approximately 80% of the cells were
arrested in G1 phase of the cell cycle (data not shown). Synchronized cells were treated with
vehicle or heregulin β1 for 90 min, harvested and thereafter, the nuclei isolated. Nuclei were
fixed and incubated with a mouse antibody against BRCA1 or against β-galactosidase (negative
control). Intact nuclei (Fig. 1A) were analyzed for FITC intensity by flow cytometry. We found
that heregulin β1 treatment increased the nuclear fluorescence intensity of BRCA1, as shown
in Fig. 1B and C. Panel (i) of Fig. 1B depicts the staining intensity of the antibody against
BRCA1 in nuclei isolated from vehicle-treated cells and demonstrates that slightly greater than
50% of the nuclei exhibited higher than background levels (above the horizontal line) of FITC
staining. Panel (ii) demonstrates that nearly all the nuclei isolated from cells treated with
heregulin β1 immunostained for BRCA1. Furthermore, these data reveal an approximate 2.3-
fold increase in overall fluorescence intensity (Fig. 1C) in nuclei isolated from cells treated
with heregulin β1 when compared to the intensity in nuclei isolated from cells treated with
vehicle. Panel (iii) of Fig. 1B depicts the staining intensity of the antibody against β-
galactosidase, a protein that is not expressed in the nucleus of mammalian cells. The absence
of β-galactosidase staining in the nuclei indicates that there is little, if any, nonspecific binding
of the secondary antibody. Fig. 1D demonstrates that there is no difference in the steady-state
level of total BRCA1 protein in vehicle or heregulin-treated cells.

The ability of heregulin β1 to induce nuclear accumulation of BRCA1 also was evaluated via
immunoblotting of nuclear and nonnuclear fractions of T47D cells. These data, shown in Fig.
1E, revealed an increase in nuclear BRCA1 of 2.1-fold in heregulin-treated cells relative to the
level in vehicle-treated cells. Furthermore, there was a concomitant 41% decrease in
nonnuclear BRCA1 levels. These values were standardized for loading variability with MSH6
expression, which did not change appreciably between samples in our experiments. To
demonstrate that the nuclear and nonnuclear fractions were free of proteins from the other
fraction, 50 µg protein from the same fractions were immunoblotted for topoisomerase 1, a
nuclear protein marker, and α-tubulin, a nonnuclear protein marker. Our data demonstrate the
absence of contaminating proteins from one fraction in the other.
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Indirect immunocytochemistry (Fig. 1F) with two different BRCA1 antibodies also was used
to substantiate our results. Use of the Ab-1 antibody, generated against the N-terminal 304
amino acids of BRCA1, and use of AbC, generated against amino acid residues 768-793 of
BRCA1, revealed a low level of immunofluorescence within the nuclear compartment of
vehicle-treated cells. The predominant staining occurred in a small, concentrated area outside
the nucleus. In the heregulin-treated cells, there was loss of the fluorescence concentrated
outside the nucleus and an increase in nuclear fluorescence. Quantification of the percentage
of cells with predominantly (>50%) nuclear fluorescence revealed similar results with each
antibody, indicating an approximate 3-fold increase in cells with predominantly nuclear
BRCA1. Thus, the heregulin-associated increase in nuclear BRCA1 fluorescence in Figs.
1B-1F is evidence for increased nuclear accumulation of BRCA1 in response to treatment with
heregulin β1.

Activation of Akt influences BRCA1 subcellular localization
Altiok et al. [23] have demonstrated that it is activation of Akt that results in phosphorylation
of BRCA1 in response to heregulin β1. Heregulin β1 binds to ErbB2/ErbB3 heterodimers,
which serve as the receptor for activation of the PI3K/Akt pathway [25]. To test if this pathway
is involved in the heregulin-induced increase in the nuclear content of BRCA1, we used two
different experimental approaches. First, if Akt is involved, its level of activity should increase
when T47D cells were treated with heregulin β1. We established that by using an in vitro kinase
assay in which glycogen synthase kinase 3 (GSK-3) was the substrate. The results shown in
Fig. 2 demonstrate a 2.3-fold increase in phospho-GSK-3 in cells treated with heregulin β1
when compared to the level in cells treated with vehicle, indicative of an increase in Akt activity
in heregulin-treated cells.

Second, we utilized small interfering RNA (siRNA) to knock down the expression level of
Akt. Cells were transfected with a fluorescein-conjugated control siRNA alone or with Akt-
targeted siRNA and immunostained for Akt. Transfected cells exhibiting green fluorescence
were evaluated for Akt expression on a per-cell basis. Cells transfected with the control and
Akt siRNAs exhibited an approximate 65% decrease in Akt fluorescence compared to that
detected in cells transfected with control siRNA alone (Fig. 3A). This decrease was also
evidenced in an immunoblot comparison of Akt levels in untransfected cells, cells transfected
with control siRNA or with Akt-targeted siRNA (Fig. 3B). As shown in Fig. 3C, cells
transfected with control siRNA and treated with heregulin exhibited a strong nuclear
fluorescence pattern for BRCA1. This was not observed in cells transfected with Akt siRNA
and treated with heregulin β1. Rather, these cells exhibited the strong concentration of BRCA1
outside the nucleus as seen in Fig. 1F. Quantification of the data revealed that in control siRNA-
transfected cells, heregulin β1 increased the percentage of cells with predominantly nuclear
fluorescence by ~2.5-fold. In the presence of Akt-targeted siRNA, heregulin β1 was unable to
induce an increase in nuclear BRCA1. These findings suggest that there is a reciprocal
relationship between Akt expression and the ability of heregulin to result in BRCA1
accumulation within the nucleus.

Threonine 509 is necessary for the heregulin-stimulated accumulation of BRCA1 into the
nucleus

The amino acid residue in BRCA1 that is phosphorylated by Akt is threonine 509 [23]. To
assess whether the availability of threonine 509 for phosphorylation is necessary for
accumulation of BRCA1 into the nucleus, we evaluated the intracellular distribution of GFP-
tagged BRCA1, as well as GFP-tagged BRCA1 in which threonine 509 had been mutated to
an alanine (BRCA1T509A; Fig. 5). cDNAs were transfected into HeLa or MCF-7. Transfected
cells were scored as having a BRCA1 fluorescence pattern that was either nuclear or localized
between both the nucleus and cytoplasm. Fig. 4A shows representative cells transfected with
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each construct and fluorescence scored as nuclear or nuclear/cytoplasmic. GFP-tagged BRCA1
was localized predominantly in the nucleus in approximately 25-35% of the cells in each cell
line (Fig. 4B). Mutant BRCA1 localized similarly. Administration of heregulin β1 resulted in
an ~2-fold increase in the percent of cells with nuclear only fluorescence. However, heregulin
β1 was unable to induce nuclear acumulation of T509A mutant BRCA1 (Fig. 4C). These data
suggest that factors other than Akt phosphorylation of BRCA1 at threonine 509 also are
involved in nuclear localization. However, the data also support the interpretation that the
heregulin-induced accumulation of BRCA1 is dependent on Akt phosphorylation of threonine
509.

Heregulin β1 enhances BRCA1 transcriptional activity
We explored whether the heregulin β1-induced increase in nuclear BRCA1 coincided with an
increase in its transcriptional activity. Since the BRCA1 binding sites within the GADD45
promoter have been characterized, we chose GADD45 promoter constructs, linked to
chloramphenicol acetyl transferase (CAT) as a reporter, to evaluate the ability of heregulin
β1 to regulate BRCA1 transcriptional activity. BRCA1 binds to two OCT-1 motifs and one
CAAT motif within the GADD45 promoter [11]. The level of BRCA1-transactivated GADD45
promoter activity, revealed as CAT catalytic activity, was increased by 150% in cells treated
with heregulin β1 relative to the promoter activity in cells treated with vehicle (Fig. 5A). Using
GADD45 promoter constructs in which the CAAT motif and one OCT-1 motif were mutated
resulted in significantly reduced levels of CAT activity in vehicle-treated cells and this activity
was not stimulated by heregulin β1. These findings, which are consistent with the interpretation
that both the baseline and stimulated levels of promoter activity are due to BRCA1, demonstrate
that the increase in nuclear BRCA1 provoked by heregulin-treatment and via an Akt-dependent
pathway coincides with an increase in BRCA1-driven gene transcription, which was used as
a measure of one of BRCA1’s nuclear functions.

We also compared the ability of wildtype and T509A mutant BRCA1 to induce GADD45
promoter activity. HCC1937 cells were stably transfected with either empty plasmid or with
plasmid containing wildtype or T509A mutant BRCA1. HCC1937 cells were chosen because
they express truncated, nonfunctional BRCA1 and because they also have constitutively
elevated levels of Akt activity due to loss of PTEN [26]. Analysis of the localization of these
proteins revealed that ~90% of cells expressing wildtype BRCA1 had nuclear only
fluorescence, whereas only 55% of cells expressing mutant BRCA1 had nuclear only
fluorescence. The remaining cells displayed fluorescence in both the nucleus and cytoplasm.
Fig. 5B shows the nuclear fluorescence of wildtype and the nuclear/cytoplasmic fluorescence
of mutant BRCA1. Western blot analysis revealed that the GFP-tagged proteins expressed by
pEGFPC1-BRCA1 and pEGFPC1-BRCA1T509A migrated as a doublet that electrophoresed
slightly faster than the 250kDa marker. These bands were not detectable in cells transfected
with the empty vector. The presence of a doublet likely represents hyper- and hypo-
phosphorylated forms of the protein as has been reported for endogenous BRCA1 in other cell
lines [19]. The level of CAT activity in cells expressing wildtype BRCA1 was 30% above that
in cells transfected with the empty vector. However, the T509A mutant was able to induce only
a 5% increase in promoter activity. These data further support our interpretation that Akt-
induced nuclear accumulation of BRCA1 coincides with BRCA1 nuclear function.

DISCUSSION
Although previous studies have demonstrated that BRCA1 can shuttle between the nucleus
and the cytoplasm via nuclear import and export systems [14,17,18], none have identified a
signaling pathway that regulates the nuclear/cytoplasmic distribution of BRCA1. In this study,
we demonstrate that BRCA1 accumulates in the nucleus after Akt activation and this
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accumulation is dependent on the availability of a phosphorylation site at amino acid residue
509 of BRCA1. In wildtype BRCA1, residue 509 is a threonine which serves as the site for
Akt-catalyzed phosphorylation. Our findings further reveal that the heregulin-stimulated
increase in nuclear BRCA1 correlates with an increase in BRCA1 transcriptional activity.

Previous studies have demonstrated that phosphorylation of BRCA1 regulates its intranuclear
localization and function in response to DNA repair signals [27]. BRCA1 is phosphorylated
by ATM and ATR at a number of serine/threonine residues in response to cellular DNA damage
[20,22], and this phosphorylation appears to be important for the function of BRCA1 during
repair of damaged DNA. ATM, ATR and Chk2 [21] also are responsible for regulating the
function of BRCA1 in cell cycle checkpoint control, albeit at different phases of the cell cycle
[28-30]. However, no previous reports have demonstrated a role for phosphorylation in
regulating the nuclear/cytoplasmic distribution of BRCA1.

The translocation of proteins into the nucleus after activation of Akt or its upstream activator,
PI3K, has been reported for several other proteins. For example, inhibition of PI3K has been
shown to impair the nuclear translocation of both cdk2 [31] and cdk4 [32]. In a similar manner,
the overexpression of PTEN, a phosphatase that acts on inositol phospholipids generated by
PI3K, prevented cyclin D1 from localizing to the nucleus during the G1 to S cell cycle transition
[33], an effect overridden by the introduction of constitutively active Akt. Our results extend
such phenomena to BRCA1 localization. Thus, suppression of Akt expression attenuates
heregulin-induced relocation of BRCA1 to the nucleus. Although the critical phosphorylation
occurs at threonine 509 for heregulin-induced nuclear accumulation of BRCA1, our data also
suggest that BRCA1 can enter the nucleus in the absence of this phosphorylation since the
T509A mutation did not completely eliminate the presence of the mutant BRCA1 within the
nucleus. These findings suggest that the mechanism by which BRCA1 enters or is retained in
the nucleus is still intact in BRCA1-T509A-expressing cells; however, the efficiency of nuclear
import or retention has been decreased by the lack of phosphorylation at threonine 509.
Alternatively, BRCA1-T509A enters the nucleus or is retained there via another mechanism
that is less efficient than, but independent of, Akt-directed phosphorylation of threonine 509.

The present findings that heregulin β1 treatment of breast cancer cells results in Akt-mediated
nuclear translocation of BRCA1 suggest multiple foci for dysregulation of this pathway in
cancer initiation or progression. The heregulin β1 receptor, an ErbB2/ErbB3 heterodimer, is
overexpressed in breast cancer, whereas BRCA1 expression is reduced. Long-term
phosphorylation of BRCA1 by heregulin-induced activation of PI3K/Akt has been reported to
decrease expression of BRCA1 at both the mRNA and protein levels [34]. Thus, it is possible
that Akt-dependent BRCA1 phosphorylation and nuclear localization ultimately may account
for the down-regulation of BRCA1 expression occurring in some breast cancers.
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Fig 1. Heregulin β1 increases the nuclear content of BRCA1 in T47 D human breast cancer cells
A, Nuclei were isolated from vehicle-treated or 10 nM heregulin-treated T47D cells, stained
with trypan blue and visualized by light microscopy to assess nuclear integrity. Magnification,
400x. B, Flow cytometry panels depicting the FITC fluorescence in nuclei isolated from
vehicle-treated (i) or 10 nM heregulin-treated (ii) cells and stained for BRCA1 or the
fluorescence in nuclei isolated from vehicle-treated cells and stained for β-galactosidase (iii),
which was used as a control for nonspecific signal. The y-axis plots the log of the FITC
fluorescence and the x-axis is the linear fluorescence for the propidium iodide staining of the
nuclei. Each dot represents a single nucleus. The number of nuclei with detectable levels of
FITC staining (area above the line) for β-galactosidase was extremely low (~5%). C, FITC
fluorescence intensities in nuclei isolated from vehicle or heregulin-treated cells and
immunostained for BRCA1. Values shown are arbitrary units. (*, p<0.05; n=3; mean ± s.e.m.).
D, Immunoblot of BRCA1 levels in whole cell lysates of T47D cells treated with vehicle or
10 nM heregulin β1 for 90 min. Equal loading was determined by immunoblotting for α-tubulin.
E, Immunoblots of nuclear and nonnuclear fractions of T47D cells treated with vehicle or 10
nM heregulin β1. 100 µg nuclear and 150 µg nonnuclear protein were electrophoresed on the
same gel, transferred and immunoblotted with Ab-1. Different film exposures were required
to obtain nuclear and nonnuclear images. Membranes were stripped and probed for MSH6,
which was used to assess loading variability. 50 µg of each sample was also electrophoresed
on another gel and immunoblotted for topoisomerase 1 and α-tubulin. F, Immunofluorescence
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of BRCA1 in T47D cells. Serum-starved T47D cells treated with vehicle or 10 nM heregulin
β1 for 90 min were immunostained with either antibody Ab-1 or AbC. Quantification of
fluorescence was obtained by analyzing captured images with AlphaImager 2000 software.
The fluorescence within a single cell and the fluorescence within the nucleus (as assessed by
DAPI) were outlined individually and fluorescence intensity values obtained. Cells with a
nuclear:total fluorescence ratio > 0.5 were classified as having >50% nuclear fluorescence. At
least 99 cells/sample from two experiments were evaluated. (mean ± s.d.) Magnification, 400x.

Hinton et al. Page 12

Exp Cell Res. Author manuscript; available in PMC 2008 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2. Heregulin β1 activates Akt
Phosphorylated Akt was immunoprecipitated from whole cell lysates of T47D cells treated
with vehicle or with 10 nM heregulin β1 for 90 min. Akt activity was measured by an in
vitro Akt kinase assay using GSK-3 as substrate and Western blot analysis for phospho-GSK
using an anti-phospho-GSK-3 antibody. Membranes were also probed for total GSK-3 and
Akt. Densitometric values for phospho-GSK-3 were normalized to total GSK-3 levels. (*,
p<0.05; n=4; mean ± s.e.m.).
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Fig 3. Nuclear localization of BRCA1 is dependent on the expression of Akt
A, T47D cells were transiently transfected with a fluorescein-conjugated control siRNA with
or without siRNA targeted for Akt provided in the Signal Silence Akt siRNA kit. 48 h post
transfection, cells were immunostained for Akt. Pictures show representative cells transfected
with the control siRNA alone or with Akt-targeted siRNA. Graph demonstrates the average
integrated density values (IDV) of fluorescence intensity for Akt. IDV was determined by
analyzing single transfected cells within captured images with AlphaImager 2000 software.
Transfected cells were detected based on the presence of fluorescein of the control siRNA.
Values represent mean ± s.e.m. of fluorescence in cells from at least eight microscopic fields
per sample. B, T47D cells or cells transfected with ~20 nM control siRNA or Akt-targeted
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siRNA were lysed and equal volumes subjected to immunoblotting for Akt. Membrane was
probed for α-tubulin to control for loading variability. C, T47D cells were transiently
transfected with a control siRNA alone or with siRNA targeted for Akt. Cells were treated with
10 nM heregulin β1 and immunocytochemistry was performed to detect BRCA1. Pictures are
representative images of BRCA1 localization in cells transfected with control siRNA alone or
with Akt-targeted siRNA and treated with 10 nM heregulin β1. D, Quantification of cells with
>50% nuclear fluorescence from samples transfected with control siRNA alone or with Akt-
targeted siRNA in the absence or presence of heregulin. At least 88 cells from two experiments
were scored for each group. (mean ± s.d.) Magnification, 400x.
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Fig 4. Mutagenesis of threonine 509 to an alanine reduces the ability of heregulin to induce nuclear
localization of BRCA1
A, pEGFPC1-BRCA1 or pEGFPC1-BRCA1T509A expression in HeLa or MCF-7 cells was
visualized by fluorescence microscopy after the cells were fixed and permeabilized. Nuclei
were detected with propidium iodide (not shown). Data shown are representative of 2 separate
transfections. Photographs are representative of cells with either a nuclear or nuclear/
cytoplasmic fluorescence pattern. Magnification, 400x. B, Quantitative assessment of cells
expressing wildtype or T509A mutant BRCA1. C, Quantitative assessment of cell expressing
wildtype or T509A mutant BRCA1 in the presence of 10 nM heregulin β1. For B and C, at
least 100 cells/experiment from 2 experiments were evaluated for each group. (mean ± s.d.).
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Fig 5. Heregulin β1 enhances BRCA1 transcriptional activity
T47D cells were transfected with a wildtype GADD45 promoter construct or constructs in
which BRCA1 binding sites were mutated. Cells were treated with vehicle or 10 nM heregulin
β1 for 90 min, harvested, and lysed. The lysates were analyzed for β-galactosidase activity to
standardize for transfection efficiency and CAT activity as a measure of transcriptional activity.
Results shown are percent changes in acetylation when compared to that of vehicle-treated
cells transfected with the wildtype construct. (n=3, mean ± S.E.; *p<0.05; **p<0.01). B,
HCC1937 cells were stably transfected with pEGFPC1, pEGFPC1-BRCA1 or pEGFPC1-
BRCA1T509A and then transiently transfected with GADD45 promoter and β-galactosidase
constructs. Pictures are representative images of nuclear expression of GFP-tagged wildtype
BRCA1 and nuclear/cytoplasmic distribution of GFP-tagged mutant BRCA1. For Western blot
analysis of GFP-tagged protein expression, 50 μg protein from whole cell lysates of HCC1937
cells transfected with pEGFPC1, pEGFPC1-BRCA1 or pEGFPC1-BRCA1T509A were
analyzed. The blot shown demonstrates bands detected by an antibody against GFP. Graph
shows percent acetylation in cells expressing wildtype or mutant BRCA1 after acetylation in
cells tranfected with empty vector had been subtracted. (mean ± s.d. of two experiments).
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