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Abstract
The breast cancer susceptibility gene 1 (BRCA1) plays a key
role in mammary tumorigenesis. However, the reasons why
silencing the Brca1 gene leads to tumorigenesis are not clearly
understood. We report here that BRCA1 deficiency activates
the AKT oncogenic pathway, one of the most common
alterations associated with human malignancy. Mutation
of Brca1 gene increases the phosphorylation and the kinase
activity of AKT. The BRCA1-BRCT domains bind to phosphorylated AKT (pAKT) and lead to its ubiquitination toward
protein degradation. BRCA1 mutant cells lacking the BRCT
repeats accumulate nuclear pAKT and consequently inactivate
the transcription functions of FOXO3a, a main nuclear target
of pAKT. Our results show that BRCA1 is a negative regulator
of the AKT pathway and imply the significance of the BRCA1/
AKT pathway in tumorigenesis. [Cancer Res 2008;68(24):10040–4]

Introduction
The breast cancer susceptibility gene 1 (Brca1) has been shown
to play a key role in both hereditary and sporadic mammary
tumorigenesis (1–3). BRCA1 has been implicated in DNA damage
repair, cell cycle checkpoint control, transcriptional regulation,
and maintenance of genomic stability, which are key factors in
tumorigenesis (1, 2). However, the extent to which BRCA1-activated
molecular pathways contribute to its tumor suppressor activity
remains unclear. The BRCA1 BRCT domains are phospho-protein
binding motifs that are important for the tumor suppressor
function of BRCA1 (4–6). Most BRCA1 mutations cause truncated
BRCA1 gene products that lack one or both COOH-terminal BRCT
domains. Clinically relevant missense mutations identified at the
COOH terminus of BRCA1 abolish the BRCT structure (1, 2), and
Brca1 deficiency leads to tumor formation in mice (5).
The AKT/PKB kinase is a well-characterized effector of
phosphoinositide 3-kinase, and its deregulation plays an important
role in the pathogenesis of human cancers. Increased AKT kinase
activity has been reported in f40% of breast and ovarian cancers
(7). Many oncoproteins and tumor suppressors intersect in the
AKT pathway, finely regulating cellular functions at the interface
of signal transduction and classic metabolic regulation (7, 8). A
number of nonexclusive mechanisms contribute to AKT hyperactivation in human cancer (9). PTEN deficiency and PIK3CA and
Ras mutations lead to AKT activation and occur frequently in
human cancers. PML and PHLPP also regulate the AKT pathway in
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tumorigenesis (10, 11). Thus, it seems that AKT activation plays
a pivotal role in the genesis of cancer.
In spite of extensive efforts studying BRCA1 and AKT
individually, an interaction of BRCA1 and AKT has not been
reported. However, several lines of evidence suggest a role for
BRCA1 in the regulation of AKT. AKT can phosphorylate BRCA1
(12), implying that AKT may bind to BRCA1 directly. Both AKT and
BRCA1 regulate the cell cycle and genomic stability through the
CHK1 pathway (2, 13), and BRCA1 regulates estrogen receptor-a
activity in a phosphoinositide 3-kinase/AKT–dependent manner
(14), strongly supporting the notion that the AKT pathway
contributes to BRCA1-mediated tumorigenesis.

Materials and Methods
Cell culture. Primary embryonic fibroblasts were generated from
Brca1+/+ and Brca1tr/tr embryos at embryonic day 13.5. Early-passage primary mouse embryonic fibroblasts (MEF) were immortalized by transfection with a plasmid expressing the SV40 large T antigen.
RNAi. AKT1 and BRCA1 small interfering RNAs (siRNA) were designed in
3¶ untranslated region (UTR) region by Oligoengine RNAi software and
synthesized by Dharmacon. Lentiviral BRCA1-shRNAs were from Sigma.
In vitro AKT kinase assay. AKT kinase activity from cell extracts was
analyzed by immunoprecipitation/kinase assay (AKT Kinase Assay Kit, Cell
Signaling Technology).
In vitro protein interactions. Glutathione S-transferase (GST) fusion
BRCA1 proteins were produced in Escherichia coli and purified according
to the manufacturer’s instructions (Amersham Pharmacia Biotech).
Indirect immunofluorescence. Images were captured and pseudocolored with IPLab image analysis software. At least 100 cells were analyzed for
each experiment. The experiments were repeated at least three times.
Ubiquitination assay. Cells were transfected with the indicated
plasmids and lysates were analyzed by immunoprecipitation and Western
blot with the indicated antibodies.
The details of materials and methods are described in Supplemental data.

Results and Discussion
BRCA1 is a negative regulator of the AKT pathway. Here, we
reasoned that BRCA1 might be involved in the AKT signal
transduction. To examine the role of BRCA1 in the AKT pathway,
BRCA1 was stably expressed in the breast cancer cell line HCC1937,
which is hemizygous with respect to the BRCA1 mutant allele
5382insC expressing a BRCA1 protein lacking the COOH-terminal
BRCT repeats. This mutation is associated with an increased risk of
cancer and eliminates the activity of BRCA1 in the repair of DNA
damage and maintenance of genomic stability (1, 2). Phosphorylation of AKT on Thr308 and Ser473 is required for its full activation
(7). Using antibodies specific for phospho-Ser473 and Thr308 AKT,
we tested the phosphorylation status of AKT in HCC1937 cells
with or without exogenously expressing wild-type BRCA1. AKT
was phosphorylated on both Thr308 and Ser473 in HCC1937 cells
(Fig. 1A). Expression of BRCA1 reduced the phosphorylation levels
of both Thr308 and Ser473 of AKT by f80% (Fig. 1A). Expression of
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Figure 1. BRCA1 is a negative regulator of the AKT
kinase pathway. A, BRCA1 negatively regulates the
phosphorylation of AKT. Left, lysates were prepared
from HCC1937 cells (BRCA1-inactive) that stably
expressed BRCA1 (+) or vector only ( ) and analyzed
by Western blotting with the indicated antibodies.
Right, lysates from Brca1+/+ or Brca1tr/tr MEFs
were analyzed by Western blot. B, increased
phosphorylation of AKT in BRCA1 knockdown cells.
siRNAs corresponding to the genes for the indicated
proteins were transferred into MCF-7 breast cancer cells.
After 2 d, lysates were prepared and analyzed by Western
blot with the indicated antibodies. C, BRCA1 negatively
regulates the AKT kinase activity. Whole-cell lysates
prepared from HCC1937 cells expressing BRCA1 (+) or
vector only ( ) were subjected to immunoprecipitation (IP )
with the anti-AKT antibody (AKT kinase kit, Cell Signaling)
and analyzed by Western blot (WB ) with the indicated
antibodies. Insulin is a specific activator of the AKT
pathway. D, BRCA1 negatively regulates the AKT
pathway. Lysates from HCC1937 cells were analyzed
by Western blot with the indicated antibodies. PDK1 is a
kinase of AKT and GSK-3h is a downstream
substrate of AKT.

AKT recognized by an antibody (Cell Signaling, #9272) showed the
same level by insulin treatment when phosphorylated AKT (pAKT)
increased 2- to 3-fold (Fig. 1C), suggesting that this AKT antibody
mainly recognizes unphosphorylated form of AKT. These data

are consistent with published reports for using the same antibody
(10, 11). Expression of BRCA1 in HCC1937 cells had no detectable
effect on levels of unphosphorylated AKT detected by this antibody. Furthermore, immortalized MEFs expressing a truncated

Figure 2. BRCA1 interacts with pAKT. A, BRCA1 interacts
with pAKT in cells. Lysates from MCF7 cells were
treated with or without E phosphatase (PPase) or
phosphatase inhibitor (10 mmol/L NaF and 50 mmol/L
h-glycerophosphate) and then subjected to
immunoprecipitation, followed by Western blot with the
indicated antibodies. Twenty percent input was loaded as a
control. B, MCF7 cells were prepared at steady state (sts ),
starvation (sta ), and serum stimulation for the times
indicated. Lysates were subjected to immunoprecipitation
with the anti-BRCA1 antibody, followed by Western blot
with the indicated antibodies. C, BRCA1 interacts with
pAKT in vitro. Lysates from MCF7 cells were incubated
with various GST-BRCA1 fragments immobilized on
Sepharose beads, eluted, and analyzed by Western
blot with antibody against the phosphorylated or
unphosporylated form of AKT (#9272). Twenty percent
input was loaded as a control. Equal loading of
GST proteins was confirmed by Coomassie blue staining.
D, BRCA1-BRCT domains interact with pAKT. Lysates
were incubated with GST-BRCA1-BRCT wild-type and
M1775R and P1749R mutant proteins immobilized on
Sepharose beads. The complex was eluted and analyzed
by Western blot with anti-pAKT antibody. Equal loading of
GST proteins was confirmed by Coomassie blue staining.
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Figure 3. BRCA1 ubiquitinates pAKT. A, lysates were prepared from HCC1937
cells expressing BRCA1 or vector with or without 50 Amol/L MG132 treatment
for 2 h, and analyzed by Western blot with the indicated antibodies. B, HCC1937
cells expressing BRCA1 or empty vector were transfected with a Myc-tagged
ubiquitin plasmid in the absence or presence of 50 Amol/L MG132 for 2 h.
Lysates were analyzed by immunoprecipitation and Western blot with the
indicated antibodies. C, 293T cells transfected with constructs expressing
Myc-ubiquitin, HA-BRCA1, and HA-BRCA1-mutants were treated with 50 Amol/L
MG132 for 2 h. Lysates were analyzed by immunoprecipitation and Western
blot with the indicated antibodies. DC, COOH-terminal deletion of BRCA1.
C61G, inactive E3 ubiquitin ligase of BRCA1. M1775R, point mutation in
BRCT domains.

Brca1 allele (Brca1tr/tr ; ref. 5) showed higher levels of pAKT,
compared with Brca1+/+ MEFs, confirming that BRCA1 negatively
regulates the phosphorylation of AKT (Fig. 1A).
Because the basal levels of pAKTare negatively regulated by PTEN,
which is also deleted in HCC1937 cells, we verified that pAKT1 was
regulated by BRCA1 in MCF-7 breast cancer cell line (with wild-type
BRCA1 and PTEN). Knockdown of BRCA1 expression by BRCA1
siRNA and short hairpin RNA (shRNA) enhanced the amounts of
pAKT (Fig. 1B; Supplementary Fig. S1A). Expression of total PTEN
and phosphorylated PTEN displayed the same level in these cells
(Supplementary Fig. S1B), suggesting that regulation of pAKT by
BRCA1 is independent of PTEN. Knockdown of Brca1 in MEFs with
or without Pten gene increased the levels of pAKT (Supplementary
Fig. S1C), supporting that BRCA1 independently regulates pAKT.
To detect the effect of BRCA1 on AKT kinase activity, we
performed an in vitro AKT kinase assay by using GSK-3 fusion
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protein as a substrate. Insulin is a specific activator of the AKT
pathway. As expected, insulin treatment could increase AKT kinase
activity (Fig. 1C). Expression of BRCA1 decreased the AKT kinase
activity, correlated with a reduction of pAKT levels. Overall, these
results indicate that BRCA1 negatively regulates the phosphorylation and activation of AKT.
PDK1 is a protein kinase that phosphorylates Thr308 of AKT.
The phosphorylation status of PDK1 in HCC1937 cells expressing
BRCA1 was identical to that of control cells (Fig. 1D), suggesting
that BRCA1 may regulate the AKT phosphorylation and activity by
acting on factors downstream of PDK1. Furthermore, expression of
BRCA1 decreased pAKT levels, which correlated with decreased
phosphorylation of its substrate GSK-3h (Fig. 1D), implying that
BRCA1 regulates AKT kinase.
BRCA1 interacts with pAKT. To detect that the interaction of
BRCA1 and AKT is phospho-specific in cells, a coimmunoprecipitation assay was done. Lysates that had first been treated with
protein phosphatase (PPase) abolished this interaction, whereas
inclusion of phosphatase inhibitors in lysis buffer increased the
interaction of BRCA1 with AKT (Fig. 2A). These results suggest that
the BRCA1-AKT interaction depends on the phosphorylation of
AKT. Immunoprecipitates by pull-down with the AKT antibody
(1G1) included both phosphorylated and unphosphorylated forms
of AKT (Fig. 2A, pAKT T308 and AKT #9272). Because the AKT
antibody (1G1) did not work for Western blot analysis (see
manufacturer’s information, and data not shown), we used the AKT
antibody (#9272, recognizing unphosphorylated form of AKT) to
verify the immunoprecipitation assay (Fig. 2A). The results showed
that the unphosphorylated form of AKT was unchanged in lysates
with protein phosphatase or phosphatase inhibitor treatment.
Furthermore, pAKT, but not unphosphorylated AKT, was detected
in BRCA1 immunoprecipitates in MCF7 cells (Supplementary
Fig. S2, left). In addition, BRCA1 was detected in pAKT immunoprecipitates in MCF7 cells (Supplementary Fig. S2, right), confirming the existence of the BRCA1/pAKT complex in cells. Association
of pAKT with BRCA1 was increased after serum stimulation
(Fig. 2B), further confirming that the BRCA1-AKT interaction
depends on the phosphorylation of AKT.
Next, we investigated the binding domains of BRCA1 with AKT
using an in vitro binding assay. A series of four overlapping GST
fusion proteins, spanning the entire coding region of BRCA1, were
used to define regions of BRCA1 that interact with AKT. Purified
GST-BRCA1 fusion proteins were added to MCF7 cell-free extracts,
and GST-BRCA1-AKT complexes were isolated with glutathione
beads. pAKT, but not unphosphorylated AKT, was found to bind
fragment 1501–1861 of BRCA1 as detected by Western blotting
(Fig. 2C). BRCA1 fragment 1501–1861 contains the BRCT domains,
which are phospho-protein binding domains that are important
for the tumor suppressor function of BRCA1. The recombinant
BRCA1-BRCT domain (residues 1599–1863) fused to GST-bound
endogenous pAKT from a MCF7 cell lysate (Fig. 2D). The cancerassociated missense mutations M1775R and P1749R in the BRCT
domains of the COOH terminus of BRCA1 ablate the functions
of BRCA1 (2). We tested the binding ability of these BRCA1
mutants to pAKT and both failed to interact with pAKT (Fig. 2D),
suggesting that the intact structure of the tandem BRCA1-BRCT
domains is essential for its interaction with pAKT.
BRCA1 ubiquitinates the pAKT leading to its degradation.
Recent reports indicate that BRCA1 and its partner BARD1 are
enzymatic mediators of protein ubiquitination (15, 16). The potent
ubiquitin E3 ligase activity of the BRCA1/BARD1 heterodimer may
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be responsible for the inactivation of pAKT by BRCA1. To test this
possibility, we used MG132, a proteasome inhibitor. pAKT levels
increased in HCC1937 cells expressing BRCA1 or in Brca1+/+ MEFs
when treated with MG132 (Fig. 3A; Supplementary Fig. S3),
suggesting that the BRCA1-dependent ubiquitination may cause
the degradation of pAKT. To further investigate this possibility,
we transfected an ubiquitin expression plasmid in HCC1937 cells
and found that BRCA1 stimulated the ubiquitination of pAKT
in HCC1937 cells expressing BRCA1 (Fig. 3B). Polyubiquitination often serves as a signal for the protein degradation. To
characterize the potential biological consequences of the ubiquitinated pAKT, we compared the stability of pAKT in cells treated
with MG132. Treatment with MG132 stabilized the ubiquitinated pAKT and resulted in longer chains of ubiquitin appended
on pAKT (Fig. 3B), suggesting that BRCA1-dependent ubiquitination causes the degradation of pAKT. It has been shown
that expression of BRCA1 in cells stimulates the ubiquitination
of phosphorylated RNA polymerase II (17). Using this system,
BRCA1 and ubiquitin expression constructs were transfected into

293T cells. Transfected wild-type BRCA1 stimulated the ubiquitination of pAKT, but BRCA1 constructs lacking the BRCT repeats
(DC) or encoding disease-associated missense mutation (M1775R)
did not. To further detect the effect of BRCA1/BARD E3 ubiquitin ligase activity on pAKT ubiquitination, a C61G mutant
of BRCA1 that has inactive E3 was tested. Cells expressing the
C61G mutant did not show the ubiquitination signals of pAKT
(Fig. 3C), indicating that the BRCA1 associated E3 ubiquitin ligase
activity is required for the ubiquitination of pAKT. Furthermore, the COOH-terminal deletion (DC) or M1775R mutation
disrupted BRCA1 binding to pAKT, as analyzed by coimmunoprecipitation assays (Supplementary Fig. S4). Thus, intact BRCT
domains are required for the binding of pAKT to BRCA1 for its
degradation in cells, consistent with our results from the in vitro
binding assays.
BRCA1 deficiency leads to an increased nuclear localization
of pAKT. After phosphorylation and activation on the membrane,
pAKT is released into the cytoplasm and translocated to the
nucleus (7). Furthermore, BRCA1 is a nuclear-cytoplasmic shuttling

Figure 4. BRCA1 deficiency leads to increased nuclear localization of pAKT. Brca1+/+ and Brca1tr/tr MEFs were prepared at steady state, starvation, and serum
stimulation for the times indicated. A, immunofluorescence staining; B, Western blot analysis. Nuclei were stained with 4¶,6-diamidino-2-phenylindole (DAPI ).
C, the expression levels of FOXO3a were decreased in nuclear extracts from Brca1tr/tr MEFs, analyzed by Western blot (top). Expressing the AKT1-S473D mutant
resulted in the decrease of FOXO3a in Brca1tr/tr MEFs (bottom ). Nuclear extracts from Brca1tr/tr MEFs transfected with the indicated plasmids were analyzed by
Western blot. AKT1 siRNA targeted on the 3¶ UTR region of AKT1 and only decreased the expression of endogenous AKT1 but did not affect the expression of the
transfected flag-AKT1. Lanes 3 to 5, with the AKT antibody showing the transfected flag-AKT1. WT, wild-type Brca1 plasmid; Mu, Brca1 -BRCT mutant (M1775R,
point mutation in BRCT domains). D, BRCA1 affects FOXO3a activity via the AKT pathway. mRNA levels of p27kip1 in Brca1tr/tr MEFs transfected with the indicated
plasmids or siRNAs were measured by real-time PCR. Bars, SD of triplicates.
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protein, and cancer-associated mutations in the BRCT domains
alter subcellular localization of BRCA1 (18). To test whether BRCA1
regulates the localization of pAKT, we used Brca1+/+ and Brca1tr/tr
MEFs. First, we determined AKT status in Brca1 +/+ and Brca1tr/tr
MEFs by subjecting them to serum starvation and stimulation.
Brca1tr/tr cells showed stronger pAKT staining in both cytoplasm
and nuclei at steady state and serum stimulation (Fig. 4A).
Treatment with MG132 increased pAKT staining in Brca1+/+ MEFs,
consistent with the observations by Western blotting (Fig. 3). To
confirm these observations, cytoplasmic and nuclear fractions
were prepared from these cells and analyzed by Western blotting.
Increased pAKT levels were found in the cytoplasm and nuclei
of Brca1tr/tr cells compared with Brca1 +/+ cells (Fig. 4B). These
observations indicate that the absence of full-length BRCA1 protein
leads to an increased nuclear localization of pAKT.
Interaction of pAKT-BRCA1 mediates the AKT1-FOXO
pathway. The forkhead transcription factor FOXO3a is a direct
nuclear target of AKT, as AKT-mediated phosphorylation causes
FOXO3a inactivation and nuclear export (19, 20). To test whether
BRCA1 deficiency enhances the nuclear function of pAKT, we next
examined effects of BRCA1-pAKT interaction on FOXO3a inactivation and nuclear export. We found that the levels of FOXO3a
decreased in nuclear extracts from Brca1tr/tr MEFs (Fig. 4C, top),
suggesting that BRCA1 deficiency causes FOXO3a nuclear export
by activating the AKT pathway. An AKT1-S473D mutant, bound
only to wild-type BRCA1 protein but not to the BRCA1-BRCT
mutant (Supplementary Fig. S5), was expressed in Brca1tr/tr MEFs,
resulting in the decrease of FOXO3a (Fig. 4C, bottom). Cotransfected wild-type BRCA1, but not BRCA1-BRCT mutant, abolished
the effect of AKT1-S473D, confirming that BRCA1 regulates the
pAKT-mediated FOXO3a nuclear export. FOXO3a exerts some of its
tumor-suppressive functions by inducing the transcription of
p27kip1 (19). As quantified by real-time PCR, overexpression of
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