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Abstract
BRCA1 is an essential caretaker protein in the surveillance of DNA damage, is mutated in about
50% of all hereditary breast cancer cases and its expression is frequently decreased in sporadic breast
cancer. β-catenin is a multifunctional protein that forms adhesion complex with E-cadherins, α-
catenin and actin, and plays a central role in Wnt signaling through its nuclear translocation and
activation of β-catenin-responsive genes. Although significant progress has been made in
understanding the Wnt/β-catenin and BRCA1 signaling cascades, it is not known whether there is a
link between β-catenin and BRCA1. We observed that the expression of the active nuclear form of
β-catenin (also known as ABC, Ser37/Thr41-non phosphorylated β-catenin, dephosphorylated β-
catenin) was lower or absent in the nucleus in most BRCA1 familial breast cancer tissues (17 cases),
as compared to sporadic breast cancer (14 samples) and normal breast tissues. WT-BRCA1, but not
mutated BRCA1, interacted with β-catenin and increased the levels of β-catenin protein expression
in vitro. Furthermore, H2O2 induced the interaction of the nuclear form of β-catenin with BRCA1.
The active form of β-catenin protein was down-regulated upon exposure to H2O2 in the nucleus of
BRCA1-deficient HCC1937 breast cancer cells, whereas reconstitution of WT-BRCA1 in HCC1937
cells inhibited this down-regulation. This study provides evidence of a novel interaction between
BRCA1 and β-catenin, and that loss of BRCA1 leads to impaired expression of the nuclear form of
β-catenin, which may contribute to the pathogenesis of breast cancer.
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Introduction
Humans heterozygous for BRCA1 mutations have a high risk of losing the remaining wild type
BRCA1 allele and developing breast/ovarian cancer (1–9). BRCA1 haploin sufficiency alone,
a feature of sporadic breast/ovarian cancer, is sufficient to compromise genome stability by
triggering spontaneous recombination events that are likely to account for the loss of the
remaining wild type BRCA1 allele and increased cancer risk (9). The genomic instability
observed in BRCA1 and BRCA2 mutation carriers is associated with a down-regulation of
nuclear BRCA1 protein accumulation in the dot like structures (10). BRCA1 is mutated in
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about 50% of all hereditary breast cancer cases, and its expression is frequently decreased in
sporadic breast cancer (5–8).

Recently, WT-BRCA1 was shown to downregulate cellular levels of reactive oxygen species
(ROS) (11). Oxidative stress due to various environmental and hormonal factors in breast
results in production of ROS, a risk factor in carcinogenesis (12,13). Normal cellular
metabolism is associated with the production of ROS (14). Common forms of ROS include
superoxide (O2

−), hydrogen peroxide (H2O2), hydroxyl radicals, and nitric oxide. Under
nonphysiologic conditions, increases in ROS levels can cause damage to DNA, proteins and
lipids in cells (15,16). BRCA1 participates in various cellular processes in response to DNA
damage in order to maintain genomic integrity (17–24). BRCA1 is considered as one of the
DNA damage sensors and a platform to coordinate different activities during stress responses
(23–27). Absence of full-length Brca1 sensitized mice to oxidative stress induced lethality
(25). In addition, BRCA1 can protect cells from oxidative stress by inducing expression of
antioxidants (26), suggesting that BRCA1 is activated in response to oxidative stress. BRCA1
exists as a RING heterodimer with BARD1 to provide ubiquitin E3 ligase activity that is
required for its tumor suppressor function (28,29).

β-catenin is a multifunctional protein that forms an adhesion complex with E-cadherin, α-
catenin and actin, and also plays a central role in Wnt signaling through its nuclear translocation
and association with T-cell factor (TCF) and lymphoid enhancer factor (LEF) (30). Cytosolic
β-catenin is tightly regulated by interactions with several proteins, such as APC, GSK-3β, and
axin (31–34). GSK-3β phosphorylates β-catenin at threonine 41, serine 37, and serine 33
residues, thereby facilitating its ubiquitination and proteosomal degradation (35). Recently, a
ROS-dependent interaction between FOXO and β-catenin that appears to be evolutionary
conserved was reported (36,37). Under normal cellular conditions β-catenin, through Wnt
signaling, is involved in cell proliferation and differentiation but under changed ROS
conditions, its function can shift to regulate transcription factors that support cell survival
through increased stress resistance and ROS clearance (30). β-catenin-mediated response is
strongly dependent on the stimulus and the subsequent interaction with other downstream
targets and specific transcription factors (30).

The role of β-catenin in breast cancer is not clear. Decreased β-catenin staining in the membrane
of breast cancer cells was reported (38). In addition, lack of nuclear β-catenin was also reported
in breast cancer specimens (39–41) except for one report that showed that the nuclear
expression of β-catenin was associated with the outcome of breast cancer (42). β-catenin
activity is precisely regulated by modulating its degradation and nuclear translocation. The
non-phosphorylated β-catenin at the GSK-3β-phosphorylation site was identified as a
transcriptionally active form of β-catenin in the nucleus (37), also known as the active form of
β-catenin or ABC form in the nucleus, which can be specifically detected by anti-ABC antibody
(43,44).

Both β-catenin and BRCA1 proteins were demonstrated to be necessary for normal mammary
gland development, while their aberrant activation and inactivation were shown to be involved
in carcinogenesis. This prompted us to address whether inactivation of BRCA1 by germ-line
mutations has any effect on β-catenin. In this study, we hypothesized that BRCA1 regulates
the active nuclear form of β-catenin (ABC), during oxidative stress responses. Our results show
that the expression of the active nuclear form of β-catenin was lower or absent in most of
BRCA1 familial breast cancer tissues. We found that WT-BRCA1, but not mutated BRCA1,
interacted with β-catenin and that WT-BRCA1 protected the nuclear active form of β-catenin
during oxidative stress responses.
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Materials and Methods
Cell culture

HEK293, HEK293T, MCF-7, MDA-MB-231, and SW480 cell lines were purchased from
American Type Culture Collection (ATCC, Manassas, VA). BRCA1-mutant HCC1937 breast
cancer cells and wild type BRCA1-reconstituted HCC1937 cells (HCCBRCA1) were kindly
provided by Dr. Chen. All cell lines were maintained in RPMI 1640 supplemented with 10%
FBS, 2 mM Glutamine, and 100 U of penicillin and 100 μg of streptomycin per ml of medium.
MCF 10A immortalized mammalian breast epithelial cell line was kindly provided by Dr.
Harikrishna Nakshatri (School of medicine, Indiana University).

Antibodies and chemicals
Anti-HA monoclonal antibody (HA.11) and anti-Flag monoclonal antibody (M2) were
purchased from Covance (Princeton, NJ) and Sigma (St. Louis, MO), respectively. The
antibodies purchased from Santa Cruz (Santa Cruz, CA) are anti-Myc monoclonal antibody
(9E10), anti-β-catenin polyclonal antibody (H102), anti-BRCA1 polyclonal antibody (I-20),
anti-Lamin B1 polyclonal antibody, anti-GST antibody, and anti-CSK polyclonal antibody.
Anti-β-catenin monoclonal antibody (C19220) (BD Biosciences, Franklin Lakes, NJ), the anti-
active form (Ser37/Thr41-non-phosphorylated) of β-catenin antibody (05-665) (Upstate,
Charlottesville, VA) were used for Western blotting, immunoprecipitation, and
immunostaining as indicated. Anti-BRCA1 polyclonal antibody (9010), and anti-BRCA1 C-
terminal monoclonal antibody (Ab-3) were purchased from Cell Signaling (Danvers, MA) and
Calbiochem (San Diego, CA), respectively. An anti-BRCA1 polyclonal antibody against a
428-683aa fragment of BRCA1 was generated in our laboratory for immunostaining. Anti-
Actin monoclonal antibody was purchased from Chemicon (Temecula, CA). Anti-GAPDH
monoclonal antibody was purchased from Abcam (Cambridge, MA). H2O2 was purchased
from Sigma (St. Louis, MO).

Plasmid constructs
Wild type and mutants of BRCA1, and GST-BRCA1 plasmids were previously described
(48). The BARD1 construct was described before (46). The HA-BRCA1 (1181-1863aa)
construct was generated by inserting an amplified PCR product of 1181-1863aa into a
pcDNA3-HA vector (48). Myc-β-catenin plasmid was kindly provided by Dr. Hecht. Flag-β-
catenin (1-133aa), (134-671aa) and (672-781aa) were created by inserting amplified PCR
products into a pCMV Flag-4N vector (Invitrogen, Carlsbad, CA). Newly generated constructs
were confirmed by sequencing. Wild type and dominant-negative GSK-3β plasmids were
previously described (56). Flag-IκBα and constitutively active HA-IKKβ (SE) were kindly
provided by Dr. Fuchs (57).

Transfection, immunoprecipitation and Western blot analysis
LipofectAMINE plus reagent (Invitrogen) was used for the transfection experiments in
mammalian cells. Immunoprecipitation and Western blotting were carried out as described
(48). Briefly, cells were lysed in lysis buffer (50 mM Tris pH 7.5, 1% Triton X-100, 0.5%
deoxycholate, 10 mM EDTA, 150 mM NaCl, 50 mM NaF, 1 mM sodium vanadate, 10%
glycerol) containing a protease inhibitor cocktail (Roche, Basel, Switzerland). The lysates were
pre-cleared by incubation with protein-G Sepharose beads for 1 hour. The supernatants were
incubated with the indicated antibody for 2–3 hours followed by additional incubation with
protein-G Sepharose beads for 1 hour. The immunocomplexes were washed three times with
the cell lysis buffer, followed by elution in sample buffer (125 mM Tris-HCl pH 6.8, 4% SDS,
and 20% glycerol). The samples were separated by SDS-PAGE and transferred onto PVDF
membrane (Millipore, Billerica, MA). The membranes were blocked with 5% nonfat dried
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milk in PBS-0.1% Tween 20, followed by incubation with primary antibodies overnight at 4°
C. The horseradish peroxidase-conjugated secondary antibodies (Amersham,
Buckinghamshire, UK) were incubated for 1 hour at room temperature followed by enhanced
chemiluminescence treatment (PerkinElmer, Waltham, MA).

Western blot analysis for protein detection was carried out using total cell extracts lysed in the
sample buffer (125 mM Tris-HCl pH 6.8, 4% SDS, and 20% glycerol).

GST pull-down assays
The GST pull-down assays were performed with HEK293T cell lysates transfected with Myc-
β-catenin and bacterially-purified GST-BRCA1 protein fragments, as described (48).

Northern analysis
TRIzol Reagent (Invitrogen, Carlsbad, CA) was used to isolate total RNA. 10 μg of RNA was
separated by 1% agarose gel and transferred onto a Hybond-N+ Nylon membrane (Amersham,
Buckinghamshire, UK). The Prime-It II Random Primer Labeling Kit (Stratagene, La Jolla,
CA) was used to label the β-catenin cDNA fragment digested by EcoRI and XhoI.

siRNA transfection
Small interfering (si)-GL2, si-βTrcp1, and siRNA SMARTpool BRCA1 (Upstate
Biotechnology, Charlottesville, VA) was transfected by OligofectAMINE reagent (Invitrogen,
Carlsbad, CA). 48 hrs after transfection, the NER Nuclear and Cytoplasmic Extraction Kit
(Pierce Inc.) was used to fractionate the nuclear and cytoplasmic proteins. The cytoplasmic
and nuclear fractions were subjected to SDS-PAGE and Western blotting.

35S-labeling of β-catenin and pulse-chase assay
The 35S-labeling and pulse-chase assay were performed as described (58). Briefly, Myc-β-
catenin plasmid was co-transfected with or without the indicated BRCA1 plasmids into
HEK293 cells. 16 hrs after transfection, cells were labeled with 35S-Met/Cys (ICN, Costa Mesa,
CA) followed by pulse-chase analysis for the indicated times. Equal amounts of total cell
extracts were immunoprecipitated with anti-Myc monoclonal antibody followed by SDS-
PAGE.

Confocal assays
Cells were fixed in 3% paraformaldehyde supplemented with 2% sucrose or methanol for 10
min and permeabilized in 0.5% Triton X-100 for 5 min. After blocking with 10% goat serum
in phosphate-buffered saline for 30 min, slides were incubated sequentially with antibodies
against BRCA1 (I-20, Santa Cruz, 1:100) and the active form of β-catenin (1:100). The FITC
and Texas Red conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA)
were diluted at 1:1000. Images were analyzed using a Zeiss LSM 5 image examiner at the
Harvard Center for Neurodegeneration and Repair.

Immunohistochemical analysis
The immunohistochemical studies were performed on 5μm sections of breast tumors and
normal breast tissues placed on poly-lysine-coated slides. After deparaffinization in xylene and
rehydration through graded alcohol, each section was treated with 0.03% hydrogen peroxide
for 5 min. The slides were incubated overnight at 4°C in a closed chamber, followed by
immunostaining with anti-β-catenin monoclonal antibody (C19220, BD Biosciences), the anti-
active form of β-catenin antibody and anti-BRCA1 monoclonal antibody (Ab-3, Calbiochem)
(59). The streptoavidin-biotin-peroxidase complex technique (EnVision+System-HRP,
DakoCytomation, Glostrup, Denmark) was applied for immunohistochemical staining.
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Statistical Analysis
For comparison of the means of two groups, the Student’s t-test was used. For comparison of
the means of multiple groups, analysis of variance (ANOVA) was performed.

Results
The active nuclear form of β-catenin protein is absent or expressed weakly in BRCA1 familial
breast tumors. The Ser37/Thr41-non-phosphorylated β-catenin, at the site of the GSK-3β-
mediated phosphorylation, has been identified as a transcriptionally active form of β-catenin
in the nucleus (called the active form of β-catenin in the nucleus or ABC) (37). This nuclear
form of β-catenin can be specifically detected by ABC antibody (clone 8E7, Upstate Biotech)
(36,43). To understand the effects of BRCA1 on this active form of β-catenin protein in the
nucleus, we stained 38 breast tissue samples, including 14 sporadic breast cancer cases, 17
BRCA1 familial breast cancer cases, and 7 normal breast tissues with the active form of β-
catenin antibody (α-ABC). The α-ABC antibody immunostained the Ser37/Thr41-non-
phosphorylated β-catenin protein in the nucleus in 5 out of 7 normal breast tissues and 11 out
of 14 sporadic breast cancer tissues (Table 1 and Supplemental Figures 1–3). Surprisingly, in
15 out of 17 BRCA1 familial breast tumors (15/17=88.2%), the active form of β-catenin protein
was absent or weakly stained in the nucleus and cytoplasm (Table 1). These results are
statistically significant (p=0.0025; Fisher’s test) between the sporadic breast tumors and the
BRCA1 familial breast cancer samples. BRCA1 protein status in the BRCA1 familial breast
tumors was confirmed by immunostaining with anti-BRCA1 monoclonal antibody (Table 1).
These data suggest that the Ser37/Thr41-non-phosphorylated β-catenin protein, the active form
of β-catenin protein in the nucleus, is down-regulated in BRCA1 familial breast cancer samples.

BRCA1 interacts with β-catenin in vitro and in vivo
To understand the potential link between BRCA1 and β-catenin in breast cancer, we
investigated the possible physical interaction between the two proteins. HA-BRCA1 and Myc-
β-catenin were co-transfected into HEK293T cells, followed by immunoprecipitation and
Western blotting. An association between HA-BRCA1 and Myc-β-catenin was observed, as
demonstrated by reciprocal immunoprecipitations (Figure 1A). In an examination of the Myc-
β-catenin protein expression, we noticed that the levels of Myc-β-catenin protein expression
were increased in the presence of wild type BRCA1 (Figure 1A). To confirm an interaction
between the endogenous BRCA1 and endogenous β-catenin, we employed MCF-7 breast
cancer cells and SW480 colon cancer cells in which β-catenin accumulates in the cytoplasm
and large amounts of β-catenin reside in the nucleus due to an adenomatous polyposis coli
(APC) mutation. An interaction between endogenous BRCA1 and endogenous β-catenin was
observed in both cell lines (Figure 1B), suggesting that an interaction between BRCA1 and β-
catenin occurs in vivo.

To identify β-catenin binding sites on BRCA1, a GST pull-down assay was performed using
various GST-BRCA1 protein fragments and HEK293T cell lysates transfected with Myc-β-
catenin plasmid. Four fragments of BRCA1, including 1-436aa, 428-683aa, 1181-1310aa, and
1301-1863aa, were shown to interact with β-catenin protein (Figure 1C), suggesting that the
N-terminal region covering the RING finger domain and the C-terminal region covering two
tandem BRCT repeats mediated the BRCA1 association with β-catenin. The N-terminal
fragment (1-683aa) of BRCA1 and the C-terminal fragment (1181-1863aa) of BRCA1 were
confirmed to interact with β-catenin in HEK293T cells (data not shown). The BRCA1 binding
site on β-catenin was identified using various Flag-β-catenin proteins, including full-length
(FL), 1-133aa, 134-671aa, and 672-781aa of β-catenin. 134-671aa of β-catenin, covering the
armadillo repeats, but not 1-133aa or 672-781aa of β-catenin, interacted with HA-BRCA1
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(Figure 1D), suggesting that BRCA1 binds to the armadillo repeats in β-catenin, which is also
the binding site for β-Trcp1 (45).

WT-BRCA1 increases the levels of β-catenin protein expression in vitro
We hypothesized that physical interaction between BRCA1 and β-catenin contributes to an
increase in the levels of β-catenin protein expression in vitro. To further demonstrate the
BRCA1-dependent increase in the expression levels of β-catenin protein, we analyzed β-
catenin protein expression in the presence of increasing amounts of WT-BRCA1 in HEK293
cells. The expression levels of β-catenin protein were increased by wild type BRCA1 in a dose-
dependent manner (Figure 2A), independent of β-catenin plasmid DNA concentrations (data
not shown). However, β-catenin itself did not affect the expression levels of WT-BRCA1
protein (data not shown). To examine if the increase in the expression levels of β-catenin protein
resulted from an increase in the transcription of transfected β-catenin plasmid by BRCA1, total
RNA was isolated in a parallel experiment and then subjected to Northern blot analysis with
β-catenin cDNA as a probe. The expression levels of the transfected β-catenin mRNA, which
is slightly shorter in size than the endogenous β-catenin mRNA, were not affected by WT-
BRCA1 (Figure 2A). These data suggest that the expression levels of β-catenin protein are
regulated by WT-BRCA1 post-translationally. The BRCA1-binding partner, BARD1, is
known to interact with BRCA1 protein (46, 47). BARD1 alone did not increase the expression
levels of β-catenin protein (data not shown); whereas BARD1 largely increased the expression
levels of β-catenin protein in the presence of WT-BRCA1, in a dose-dependent manner (Figure
2B). The levels of WT-BRCA1 were also increased by BARD1 in a dose-dependent manner
(Figure 2B). These data demonstrate a BRCA1-dependent increase in the expression levels of
β-catenin protein in vitro.

BRCA1 mutants could not increase the expression levels of β-catenin protein
To understand the effects of BRCA1 mutations on β-catenin protein expression, various
BRCA1 mutants including BRCA1-A1708E, BRCA1-M1775R, BRCA1-P1749R, and
BRCA1-Y1853x, and two truncated forms of BRCA1 [BRCA1 (1-683aa) and BRCA1
(1301-1863aa) (48) were used to examine the expression levels of β-catenin protein in HEK293
cells. As shown in Figure 2C, the expression levels of β-catenin protein were increased by WT-
BRCA1 (more than 6-fold) and by BRCA1 (1-683aa) (approximately 3-fold), but not by
BRCA1-A1708E, BRCA1-M1775R, and BRCA1-P1749R. There were slight variations in the
expression levels of WT or mutants of HA-BRCA1 protein, but the highly expressing HA-
BRCA1 (1301-1863aa) protein did not increase the expression levels of β-catenin protein,
compared to the mutants of HA-BRCA1. In addition, β-catenin did not affect the protein levels
of either WT-BRCA1 or BRCA1 mutants (data not shown). To examine whether the transcripts
of transfected β-catenin plasmid were affected by various BRCA1 constructs, total RNA was
isolated in a parallel experiment and then subjected to Northern blot analysis with β-catenin
cDNA as a probe. Co-transfection with or without WT or mutants of BRCA1 rarely affected
the expression levels of transfected β-catenin mRNA (Figure 2C). Taken together, these data
suggest that mutations in BRCA1 result in a loss of BRCA1 activity in regulating β-catenin
protein expression.

Given that the BRCA1 domain (1-683aa) protein exhibited a low capacity to increase the
expression levels of β-catenin protein, we examined the effects of point mutations in the RING
finger domain of BRCA1 on β-catenin protein expression. In addition, we looked at the effects
of increasing doses of BRCA1 mutants plasmids on the levels of β-catenin protein expression,
in order to understand whether the low expression levels of BRCA1 mutants contribute to the
lower levels of β-catenin protein expression. The expression levels of β-catenin protein were
increased by HA-BRCA1 (1-683aa) (approximately 2.5- to 3.5-fold) in a dose-dependent
manner, which was abolished upon disruption of Cys61 (replaced by Gly) in the RING finger

Li et al. Page 6

Mol Cancer Res. Author manuscript; available in PMC 2011 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



domain of HA-BRCA1 (1-683aa) (Figure 2D). Disruption of Cys61 by Gly in the RING finger
domain of full-length BRCA1 resulted in a failure to increase the expression levels of β-catenin
protein (Figure 2E). These data suggest the significance of the RING finger domain of BRCA1
in regulating β-catenin protein expression. In addition, as a representative of the BRCT-mutants
of BRCA1, the HA-BRCA1-M1775R mutant failed to induce a dose-dependent increase in the
expression levels of β-catenin protein, although the transcripts of exogenously expressing β-
catenin mRNA were rarely affected by a variety of mutants or doses of the HA-BRCA1
constructs (Figure 2F), suggesting that the BRCT region in BRCA1 also participates in
regulating β-catenin protein expression.

WT-BRCA1 specifically regulates the expression levels of β-catenin protein
Like β-catenin protein, IκBα protein is also a substrate of the SCF-E3 ubiquitin ligase complex
for protein degradation (49). To analyze the specificity of the WT-BRCA1-dependent increase
in β-catenin protein expression, we investigated the effects of WT-BRCA1 on IκBα protein
expression. WT-BRCA1 could not increase the levels of Flag-IκBα protein expression in
HEK293 cells (Figure 3A). The constitutively active IKKβ (SE) largely decreased the
expression levels of Flag-IκBα protein in HEK293 cells (Figure 3B), resulting from IKKβ
(SE)-mediated degradation as reported (50) WT-BRCA1 failed to inhibit the IKKβ (SE)-
dependent degradation of Flag-IκBα protein (Figure 3B), suggesting that IκBα protein
expression is not regulated by BRCA1.

BRCA1 regulation of β-catenin in vivo
We further demonstrated BRCA1 regulation on the levels of β-catenin protein by depleting
endogenous BRCA1 and by over-expressing WT-BRCA1 in mutant BRCA1-containing
HCC1937 breast cancer cells. To demonstrate that BRCA1 regulates the levels of β-catenin,
cells were transfected with siRNAs against GL2 (control), β-Trcp1 (positive control) and
BRCA1. It is known that β-Trcp1 specifically recognizes GSK-3β-phosphorylated β-catenin
resulting in β-catenin ubiquitination and degradation. Reduction of β-Trcp1 protein resulted
in an accumulation of β-catenin in the cytoplasm and nucleus (Fig. 3C), suggesting that siRNA-
mediated reduction of β-Trcp1 protein caused an accumulation of β-catenin protein. Upon
depletion of BRCA1, the levels of β-catenin were reduced in the cytoplasm and nucleus
(compared to the transfectant with siRNA-GL2) (Fig. 3C), suggesting that BRCA1 regulates
the levels of β-catenin protein. Similarly, depletion of BRCA1 in MCF-7 cells caused a
reduction of β-catenin in the cytoplasm and nucleus, compared to the levels of β-catenin in
siRNA-GL2-transfectants (Fig. 3E). Further, by over-expressing WT-BRCA1 in HCC1937
breast cancer cells, we observed that WT-BRCA1 increased the levels of β-catenin protein
(Fig. 3F). These results support our notion that BRCA1 regulates the levels of β-catenin protein.

WT-BRCA1, but not BRCA1 mutants, enhanced the half-life of β-catenin protein
To examine the BRCA1-dependent increase in β-catenin protein expression, we investigated
the half-life of β-catenin protein in the absence or presence of WT-BRCA1. The Myc-β-catenin
protein was expressed in the HEK293 cells and then labeled with 35S-Met/Cys, followed by
pulse-chase analysis. The half-life of Myc-β-catenin protein was approximately 1.5 hours in
the absence of WT-BRCA1 (Figure 3G, left four lanes); co-expression of WT-BRCA1
extended the half-life of Myc-β-catenin protein more than 2-fold (Figure 3G, right four lanes).
The BRCA1 (1-683aa)-C64G mutant also failed to prolong the half-life of Myc-β-catenin
protein (Figure 3H). These data suggest that WT-BRCA1 extends the half-life of β-catenin
protein, which may contribute to the WT-BRCA1-dependent increase in β-catenin protein
expression.
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WT-BRCA1 regulates the Ser37/Thr41-non-phosphorylated β-catenin
The expression levels of Ser37/Thr41-non-phosphorylated β-catenin protein were also
increased in the presence of WT-BRCA1 in HEK293 cells, as demonstrated by the fact that
immunoprecipitated Myc-β-catenin protein was detected by the anti-ABC antibody (Figure
4A). Over-expression of WT-BRCA1 in MDA-MB-231 breast cancer cells also resulted in an
accumulation of endogenous Ser37/Thr41-non-phosphorylated β-catenin protein (Figure 4B),
suggesting that over-expression of WT-BRCA1 increases the levels of the Ser37/Thr41-non-
phosphorylated β-catenin protein.

Hydrogen peroxide induces BRCA1 and β-catenin association in vivo
β-catenin protein is implicated in FOXO family-mediated oxidative stress responses (37,44).
We therefore asked whether BRCA1 and β-catenin converge onto the oxidative stress signaling
pathway. We assessed an association between BRCA1 and β-catenin in the presence of ROS,
represented by hydrogen peroxide (H2O2). Endogenous β-catenin protein increasingly
interacted with endogenous BRCA1 protein upon H2O2 treatment in HEK293T, MCF-7, and
SW480 cells, as demonstrated by immunoprecipitation assays (Figure 4C). In particular, an
association between BRCA1 and β-catenin was significantly induced by H2O2 in SW480 cells,
indicating that possibly large amounts of β-catenin protein in the nucleus are available for
interacting with endogenous BRCA1 protein. These data suggest that oxidative stress signals
induce BRCA1 and β-catenin interaction in vivo. Inducible interaction between endogenous
BRCA1 and ABC form of β-catenin by H2O2 was demonstrated by immunoprecipitation-
Western blotting in MCF-7 and SW480 cells (Figure 4D) and confocol assay in MCF-7, MCF
10A cells (Figure 5A and 5B), and SW480 cells (data not shown), suggesting that oxidative
stress signals induce an interaction between BRCA1 and Ser37/Thr41-non-phosphorylated β-
catenin in vivo.

We further demonstrated an inducible interaction between BRCA1 and β-catenin by H2O2 in
a dose-dependent manner, in HEK293T cells. We co-expressed Myc-β-catenin including wild
type and stable form (S33A), with HA-BRCA1, followed by H2O2 treatment for 1 hour. The
total lysates were then subjected to immunoprecipitation with anti-HA antibody to detect
BRCA1-bound Myc-β-catenin protein. As shown in Figure 6A, H2O2 treatment increased the
association of BRCA1 and β-catenin in a dose dependent manner. The stable form of β-catenin
(S33A) also associated with BRCA1 in response to increasing doses of H2O2 (Figure 6A).

The nuclear active form of β-catenin protein is sensitive to hydrogen peroxide in BRCA1-
deficient HCC1937 breast cancer cells. Next, we asked whether loss of BRCA1 affects the
levels of the Ser37/Thr41-non-phosphorylated β-catenin in the nucleus during oxidative stress
responses. BRCA1-deficient HCC1937 breast cancer cells have reduced expression of the ABC
form of β-catenin (Figure 6B), as compared to WT-BRCA1-reconstituted HCC1937
(HCCBRCA1) cells. When the cells were treated with 100μM H2O2 for the time period as
indicated, and the nuclear proteins were fractionated and subjected to Western blotting with
the anti-active form of β-catenin antibody, H2O2 treatment decreased the levels of Ser37/
Thr41-non-phosphorylated β-catenin protein in the nucleus of HCC1937 cells in a time-
dependent manner (Figure 6C, left four lanes in top panel) but not in the nucleus of the WT-
BRCA1-reconstituted HCC1937 cells (Figure 6C, right four lanes in top panel), suggesting
that the Ser37/Thr41-non-phosphorylated β-catenin protein is sensitive to H2O2 treatment in
the absence of WT-BRCA1. Taken together, these data suggest that BRCA1 plays an important
role in regulating the responses of the active form of β-catenin in the nucleus during oxidative
stress.
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Discussion
Although the linkage of BRCA1 mutations with breast cancer development has been well
established, the molecular mechanisms for the tissue-specific BRCA1-mediated
carcinogenesis remain poorly understood. We demonstrate a novel association between
BRCA1 and β-catenin, as well as with the Ser37/Thr41-non-phosphorylated β-catenin. We
observed that in most BRCA1 familial breast tumors (15/17=88.2%), the active form of β-
catenin in the nucleus was absent or expressed at low levels, compared to its expression in
sporadic breast tumors (3/14=21.4%) and normal breast tissue (Table 1). Some sporadic breast
tumors (3/14=21.4%), in which BRCA1 was absent from the nucleus, were also found to lack
the active form of β-catenin protein in the nucleus (Table 1). We observed that H2O2 treatment
down-regulated the active form of β-catenin protein in the nucleus of BRCA1-deficient
HCC1937 breast cancer cells in a time-dependent manner, whereas reconstitution of WT-
BRCA1 in HCC1937 cells inhibited this H2O2-induced down-regulation. Our data suggest an
association between BRCA1 and β-catenin and that loss of BRCA1 may lead to increased
sensitivity of the active form of β-catenin protein to H2O2, resulting in decreased expression
of the active form of β-catenin.

Our in vitro experiments showed that WT-BRCA1 increases the expression of β-catenin
protein, including the Ser37/Thr41-non-phosphorylated β-catenin protein. BRCA1 interacted
with β-catenin via the N-terminus containing the RING finger domain and the C-terminus
containing two BRCT repeats (Figure 1). Most mutants of BRCA1, including the truncated
BRCA1 (1301-1863aa), and mutants such as BRCA1-A1708E, BRCA1-M1775R, BRCA1-
P1749R, BRCA1-Y1853x, BRCA1 (1-683aa)-C61G or C64G, and full-length (fl)-BRCA1-
C61G, failed to increase the expression levels of β-catenin protein (Figure 2), suggesting that
inactivation of BRCA1 results in a failure to increase β-catenin protein expression. Mutations
in the RING finger domain and the BRCT repeats in BRCA1 are closely related to inactivation
of BRCA1-E3 ubiquitin ligase activity (53). BRCA1 has been shown to regulate the stability
and activity of its binding partners, such as BARD1 (46), Nucleophosmin/B23 (NPM) (52),
and p53 (54). In addition, BARD1 enhanced the increased levels of β-catenin protein induced
by WT-BRCA1 (Figure 2B), supporting the notion that BRCA1/BARD1 might be involved in
regulating β-catenin protein expression.

WT-BRCA1 failed to increase the expression of IκBα protein (Figure 3), another substrate for
SCF-E3 ubiquitin ligase, indicating that the regulation of BRCA1 on β-catenin is specific.
GSK-3β-mediated phosphorylation of β-catenin and its subsequent ubiquitination by SCF-E3
ubiquitin ligase are two crucial steps for β-catenin degradation. Inactivation of GSK-3β blocks
β-catenin ubiquitination by SCF-E3 ubiquitin ligase (50,55). We found that WT-BRCA1 failed
to inhibit β-catenin protein phosphorylation at the GSK-3β phosphorylation site in vitro (data
not shown), pointing out that BRCA1 does not interfere with β-catenin phosphorylation. Like
β-Trcp1, BRCA1 bound to the armadillo repeats in β-catenin (Figure 1D). However, BRCA1
is unlikely to interfere with the complex formation between β-catenin and SCF-E3 ubiquitin
ligase, since immunoprecipitation assays failed to show that BRCA1 affects the complex
formation between β-Trcp1 and β-catenin or Cul1 and Roc1 (data not shown).

WT-BRCA1 extended the half-life of β-catenin protein (Figure 3G and 3H), suggesting that
BRCA1 delays β-catenin turnover. We found that WT-BRCA1 increases β-catenin protein
expression, including the Ser37/Thr41-non-phosphorylated β-catenin, which may result from
the extended half-life of β-catenin protein in the presence of WT-BRCA1. We demonstrated
an increased interaction of BRCA1 and β-catenin in the presence of H2O2 and that oxidative
stress down-regulates the Ser37/Thr41-non-phosphorylated β-catenin protein. Therefore, it is
possible that oxidative stress signals induce the interaction between BRCA1 and β-catenin,
regulating β-catenin signaling pathways. The Ser37/Thr41-non-phosphorylated β-catenin is a
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transcriptionally active form of β-catenin in the nucleus (36). The Ser31/Ser37/Thr41-
phosphorylated β-catenin is prone to degrade in the cytoplasm by 26S proteasome, while the
Ser37/Thr41-non-phosphorylated β-catenin is relatively stable, and thereby translocates into
the nucleus. We observed that the oxidative stress agent H2O2 down-regulated the Ser37/
Thr41-non-phosphorylated β-catenin protein in cultured cells. In APC-mutated SW480 cells,
the Ser37/Thr41-non-phosphorylated β-catenin was down-regulated by H2O2 treatment (data
not shown), strongly suggesting that H2O2 regulates the Ser37/Thr41-non-phosphorylated β-
catenin in an APC-independent manner. Compared to the total β-catenin protein, the Ser37/
Thr41-non-phosphorylated β-catenin was significantly down-regulated by H2O2, implying that
this form of β-catenin is sensitive to H2O2. The proteasome inhibitor MG132 accumulated the
Ser33/Ser37/Thr41-phosphorylated β-catenin but not the Ser37/Thr41-non-phosphorylated β-
catenin (data not shown), indicating that the Ser37/Thr41-non-phosphorylated β-catenin is a
stable form of β-catenin in the nucleus. Therefore, it is interesting to unveil the molecular
mechanisms by which the turnover of the nuclear form of β-catenin is regulated in the nucleus.
Our results support the notion that BRCA1 acts as a protector of the active form of β-catenin
during oxidative stress responses, based on the following: a) BRCA1 increasingly associated
with β-catenin as well as the nuclear active form of β-catenin protein in the presence of
H2O2; b) Significantly, reconstitution of WT-BRCA1 in the BRCA1-mutant HCC1937 cells
prevented the H2O2-induced down-regulation of the nuclear active form of β-catenin.

Taken together, this study provides for the first time evidence of a novel interaction between
BRCA1 and β-catenin, which may be critical for β-catenin mediated survival, increased stress
resistance and ROS clearance during oxidative stress responses. It should be interesting to
further investigate the effects of BRCA1-deficiency on Wnt/β-catenin canonical pathway and
β-catenin/FOXO-mediated oxidative stress pathway. The observations may help us better
understand breast and ovarian cancer development and progression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Interaction of BRCA1 with β-catenin in vitro and in vivo
(A) BRCA1 interacted with β-catenin in HEK293T cells. HA-BRCA1 and Myc-β-catenin were
co-expressed in HEK293T cells followed by immunoprecipitation as indicated. Anti-mouse
monoclonal IgG was used as a control. BRCA1 and β-catenin expression were detected in 10
μg of total lysates.
(B) Endogenous BRCA1 and β-catenin formed a complex in MCF-7 and SW480 cells.
Immunoprecipitation with anti-BRCA1 antibody or anti-β-catenin antibody and subsequent
Western blotting were carried out in MCF-7 and SW480 cells as indicated. The membranes
were re-probed with the indicated antibodies to monitor the immunoprecipitations. The same
amounts of total lysates were applied to detect BRCA1 and β-catenin expression.
(C) BRCA1 bound to β-catenin via two regions, the N-terminus (1-683aa) and the C-terminus
(1181-1863aa). A GST pull-down assay was performed with total extracts of HEK293T cells
over-expressing β-catenin and 10 μg of various GST-BRCA1 protein fragments purified from
E. coli.
(D) β-catenin bound to BRCA1 via the armadillo repeats. Full-length (FL) and deleted forms
of Flag-β-catenin, including 1-133aa, 134-671aa, and 672-781aa, were co-expressed with HA-
BRCA1 in HEK293T cells, followed by immunoprecipitation and Western blotting with the
indicated antibodies. 10 μg of total lysates were applied to monitor HA-BRCA1 and Flag-β-
catenin protein(s) expression.
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Figure 2. WT-BRCA1 increases the expression levels of β-catenin protein
(A) WT-BRCA1 increased β-catenin protein expression in a dose dependent manner. 5 μg of
total lysates from HEK293 cells expressing 0.375 μg of β-catenin and increasing amounts of
wild type BRCA1 (0.1, 0.25, 0.375, and 0.5 μg) were applied for Western blotting with anti-
β-catenin antibody. The membrane was blotted with anti-CSK antibody to monitor equal
loading. In the fourth panel, 10 μg of total RNA from a parallel experiment was subjected to
Northern blotting analysis with full-length β-catenin cDNA as a probe. Full-length GAPDH
cDNA was used to monitor equal loading.
(B) BARD1 increased β-catenin protein expression in the presence of wild type BRCA1. 0.25
μg of Myc-β-catenin, 0.1 μg of wild type BRCA1, and 0.1 μg (+) or 0.25 μg (++) of BARD1
were co-transfected into HEK293 cells as indicated. 5 μg of total lysates were applied for
Western blotting to detect Myc-β-catenin protein. Anti-CSK antibody was applied to monitor
equal loading. 10 μg of total lysates were applied to detect HA-BRCA1 protein expression.
(C) WT-BRCA1, but not the BRCA1 mutants increased β-catenin protein expression. 0.375
μg of β-catenin plasmid were co-expressed with 0.375 μg of the wild type or mutant forms of
BRCA1 in HEK293 cells. 5 μg of total lysates were applied for Western blotting with anti-β-
catenin antibody. Anti-CSK antibody was used to monitor equal loading. 10 μg of total lysates
were applied to monitor various HA-BRCA1 proteins expression. 10 μg of total RNA obtained
from the parallel experiment was applied for Northern blotting analysis, and full-length β-
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catenin cDNA was used as a probe. Full-length GAPDH cDNA was used to monitor equal
loading. WT: wild type BRCA1; N-: BRCA1 (1-683aa); C-: BRCA1 (1301-1863aa); A, M, P,
and Y: BRCA1-A1708E, BRCA1-M1775R, BRCA1-P1749R, and BRCA1-Y1853x,
respectively.
(D) BRCA1 (1-683aa)-C61G failed to increase β-catenin expression. 0.375 μg of β-catenin
plasmid was co-transfected with 0.1 μg and 0.375 μg of HA-BRCA1 (1-683aa) and HA-
BRCA1 (1-683aa)-C61G plasmids into HEK293 cells. 5 μg of total lysates were applied to
detect β-catenin and BRCA1 protein expression levels. Anti-CSK antibody was used to monitor
equal loading.
(E) Full-length BRCA1 with the C61G mutation, (FL)-BRCA1-C61G, failed to increase β-
catenin protein expression. 0.375 μg of β-catenin was co-transfected with 0.1 μg and 0.375
μg of (FL)-BRCA1-C61G or with 0.375 μg of WT-BRCA1 in HEK293 cells. 5 μg of total cell
extract was applied for the Western blotting. Anti-CSK antibody was used to monitor equal
loading. In addition, 5 μg of total cell lysates were applied to monitor the levels of WT-BRCA1
and HA-BRCA1 (1-683aa)-C61G protein expression as indicated.
(F) The BRCA1-M1775R mutant failed to increase β-catenin protein expression, while
BRCA1 (1-683aa) slightly increased β-catenin protein expression. 0.375 μg of β-catenin
plasmid was co-transfected with or without 0.1 μg and 0.375 μg of BRCA1-M1775R or BRCA1
(1-683aa) plasmid as indicated. 5 μg of total protein extract was applied to detect β-catenin
protein expression by Western blotting. Anti-CSK antibody was used to monitor equal loading.
In a parallel experiment, 10μg of total RNA was applied for Northern blot analysis. Full-length
GAPDH cDNA was used as a probe to monitor equal loading. 5 μg of total cell lysates were
applied to monitor the levels of HA-BRCA1-M1775R and HA-BRCA1 (1-683aa) protein
expression as indicated.
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Figure 3. The specificity of BRCA1 in regulating β-catenin protein expression
(A) WT-BRCA1 did not increase the levels of IκBα protein expression. 0.25 μg and 0.375 μg
of Flag-tagged IκBα was co-transfected with 0.375 μg of WT-BRCA1 into HEK293 cells. 5
μg of total protein extract was subjected to Western blotting with anti-Flag antibody (M2) to
detect the levels of IκBα protein expression. Anti-CSK antibody was used to monitor equal
loading.
(B) Constitutively active IKKβ(SE) decreased the levels of IκBα protein expression, which
was not affected by WT-BRCA1. 0.375 μg of Flag-IκBα plasmid was co-transfected with 0.1
μg and 0.25 μg of the constitutively-active HA-IKKβ(SE), with or without 0.375 μg of the
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WT-BRCA1 into HEK293 cells. 5 μg of total protein was applied to detect the levels of
IκBα protein expression. Anti-CSK antibody was used to monitor equal loading.
(C–D) Depletion of BRCA1 reduces the levels of β-catenin in the cytoplasm and
nucleus. HeLa cells were transfected with siRNA against GL2 (control), β-Trcp1, and BRCA1.
After 48 hours, the cells were fractionated and 5μg of cytosolic extract and 10 μg of nuclear
extract were subjected to SDS-PAGE and Western blotting. Depletion of β-Trcp1 resulted in
an accumulation of β-catenin, while depletion of BRCA1 reduced the levels of β-catenin.
GAPDH was used to monitor the efficiency of cell fractionation and equal loading. The
depletion of BRCA1 in the nucleus and β-Trcp1 in the cytoplasm was shown in Figure D.
(E) Depletion of BRCA1 reduced the levels of β-catenin in MCF-7 cells. MCF-7 cells were
transfected with siRNA against GL2 (control) and BRCA1. After 48 hours, the cells were
fractionated and 5μg of cytosolic extract and 10 μg of nuclear extract were subjected to SDS-
PAGE and Western blotting. Depletion of BRCA1 reduced the levels of β-catenin. GAPDH
was used to monitor the efficiency of cell fractionation and equal loading. Reduction of BRCA1
levels were shown in the bottom panel.
(F) Over-expression of WT-BRCA1 accumulated the levels of β-catenin in HCC1937 cells.
HCC1937 cells were transiently transfected with wild type BRCA1. After 48 hours of
transfection, the cells were fractionated and 10 μg of cytosolic extract and 20μg of nuclear
extract were subjected to SDS-PAGE and Western blotting as indicated. Over-expression of
WT-BRCA1 accumulated β-catenin in the cytoplasm and nucleus. GAPDH was used to
monitor the efficiency of cell fractionation and equal loading. The expression of HA-BRCA1
protein was detected in total cell lysates.
(G) WT-BRCA1 delayed β-catenin protein turnover. Myc-β-catenin plasmid was co-
transfected with or without wild type BRCA1 plasmid into HEK293 cells. 16 hrs after
transfection, cells were labeled with 35S-Met/Cys followed by pulse-chase analysis for the
indicated times. Equal amounts of total cell extracts were immunoprecipitated with anti-Myc
monoclonal antibody followed by SDS-PAGE.
(H) The BRCA1 (1-683aa)-C64G mutant failed to delay β-catenin protein turnover. Myc-β-
catenin plasmid was co-transfected with WT-BRCA1 or BRCA1 (1-683aa)-C64G plasmid
into HEK293 cells. 16 hrs after transfection, cells were labeled with 35S-Met/Cys followed by
pulse-chase analysis. Equal amounts of total cell extracts were immunoprecipitated with anti-
Myc monoclonal antibody followed by SDS-PAGE. The levels of HA-BRCA1 (1-683aa)-
C64G and WT-HA-BRCA1 protein expression were also determined by Western blot analysis
using 5 μg of total cell lysates.
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Figure 4. Regulation of Ser37/Thr41-non-phosphorylated β-catenin by WT-BRCA1 and H2O2
(A) WT-BRCA1 increased the Ser37/Thr41-non-phosphorylated β-catenin protein expression
in HEK293 cells. 0.375 μg of Myc-β-catenin plasmid was co-transfected with 0.375 μg of wild
type BRCA1 into HEK293 cells. Myc-β-catenin protein was immunoprecipitated by anti-Myc
antibody followed by Western blotting with anti-Ser37/Thr41-non-phosphorylated β-catenin
(a-ABC) antibody. The membrane was reprobed with anti-Myc antibody to detect total Myc-
β-catenin expression. 5 μg of total lysates were applied to detect Myc-β-catenin protein (total)
expression, and anti-CSK antibody was used to monitor equal loading.
(B) WT-BRCA1 increased the expression of Ser37/Thr41-non-phosphorylated β-catenin in
MDA-MB-231 cells. MDA-MB-231 cells were transfected with WT-BRCA1 or pcDNA3
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vector (1.0 μg). 48 hrs after transfection, 20 μg of total cell lysates were applied for Western
blotting to detect the Ser37/Thr41-non-phosphorylated β-catenin expression. Anti-CSK
antibody was used to monitor equal loading. 20 μg of total lysates were used to confirm
expression of the exogenous HA-BRCA1 protein by using anti-HA monoclonal antibody. The
expression levels of ABC in HCC1937 cells and wild type BRCA1-reintroduced HCC1937
(HCC1937-BRCA1, Cl3.4). 25 μg of total lysates from HCC1937 and HCC1937-BRCA1,
Cl3.4 were subjected to Western blotting with anti-ABC antibody. The same membrane was
used to monitor equal loading with anti-Actin antibody. The levels of ABC in HCC1937 cells
were lower than in HCC1937-BRCA1, Cl3.4.
(C) H2O2 induces BRCA1 and β-catenin protein association in vivo. HEK293T, MCF-7, and
SW480 cells were untreated or treated with 100 μM of H2O2 for 1 hr. Equal amounts of total
cell lysates were subjected to immunoprecipitation with anti-BRCA1 antibody, followed by
Western blotting with anti-β-catenin antibody. The membrane was probed again with anti-
BRCA1 polyclonal antibody. 5 μg of total lysates were used to monitor β-catenin protein
expression.
(D) H2O2 induces BRCA1 and the active form of β-catenin protein association. MCF-7,
SW480, and HCCBRCA1 cells were untreated or treated with 100 μM of H2O2 for 1 hr. Equal
amounts of total cell lysates were subjected to immunoprecipitation with anti-BRCA1
antibody, followed by Western blotting with anti-ABC antibody. The membrane was probed
again with anti-BRCA1 polyclonal antibody. 15 μg of total lysates were used to monitor ABC
protein expression.
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Figure 5.
WT-BRCA1 increasingly colocalized with the ABC of β-catenin upon H2O2 treatment in
MCF-7 cells (A) and MCF 10A cells (B). Cells were untreated or treated with 25 μM of
H2O2 for 3 hours (A) or 100 μM of H2O2 for 1 hr (B), followed by immunostaining with anti-
BRCA1 polyclonal antibody (I-20)) and α-ABC. The colocalization of the proteins was
evaluated based on the density of yellow color observed under the same viewing conditions.
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Figure 6. H2O2 regulates BRCA1 and β-catenin association and β-catenin levels in the nucleus
(A) H2O2 treatment increases BRCA1 and β-catenin association. Wild type (W) or a stable
form (S33A, shown as S) of Myc-β-catenin was co-transfected with wild type BRCA. The cells
were treated with 100 μM (+) and 200 μM (++) of H2O2 for 1 hour, followed by
immunoprecipitation and Western blotting as indicated. H2O2 increased BRCA1 and β-catenin
association in a dose-dependent manner. The same membrane was reprobed with anti-HA
antibody to detect the levels of HA-BRCA1 protein expression. 5 μg of total cell lysates were
used to detect the levels of Myc-β-catenin protein. Actin was used to monitor equal loading.
(B–C) The non-phospho-β-catenin protein in the nucleus was reduced in HCC1937 cells and
down-regulated by H2O2 in HCC1937 cells but not in HCCBRCA1 cells. (B) The levels of
ABC expression in HCC1937 and HCCBRCA1 cells were determined from 15 μf of total cell
lysates. The membrane was reprobed with anti-Actin antibody to monitor equal loading. (C)
HCC1937 and HCCBRCA1 cells were untreated or treated with 100 μM of H2O2 as indicated,
followed by the cytoplasmic and nuclear fractionation. 10 μg of the cytoplasmic extract and
nuclear extract were separated by SDS-PAGE, followed by Western blotting with the anti-
active form of β-catenin antibody. The membranes were stripped and re-blotted with anti-β-
catenin antibody. The same membranes were also used to detect Lamin B1 and GAPDH protein
expression levels for equal loading and fractionation efficiency.
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Table 1

Immunohistostaining of β-catenin and BRCA1 antibody

Sample No. BRCA1 Total β-catenin Active form of β-catenin

Sporadic breast cancer (N=14)

 7803A2 Nucleus Cytoplasm Both

 7277A2 Nucleus Cytoplasm Both

 6750A1 Nucleus Cytoplasm Both

 6579A2 Nucleus Cytoplasm Both

 6966A1 Nucleus Cytoplasm Both

 5613A3 Nucleus Cytoplasm Both

 6109A2 Abscent Cytoplasm Both

 7984B3 Nucleus Cytoplasm Nucleus

 7251A1 Nucleus Cytoplasm Nucleus

 7430A1 Nucleus Cytoplasm Nucleus

 7409A6 Nucleus Cytoplasm Nucleus

 7861A2 Abscent Cytoplasm Abscent

 6897A2 Abscent Cytoplasm Abscent

 7174A2 Abscent Cytoplasm Abscent

BRCA1 mutant breast cancer (N=17)

 96-13274E Abscent Cytoplasm Abscent

 97-33047D Abscent Cytoplasm Abscent

 98-40452F Abscent Cytoplasm Abscent

 98-39396C Abscent Cytoplasm Abscent

 99-34824J Abscent Cytoplasm Abscent

 99-54775B Abscent Cytoplasm Abscent

 99-46137J Abscent Cytoplasm Abscent

 00-22507P Abscent Cytoplasm Abscent

 00-33584E Abscent Cytoplasm Abscent

 01-840H Abscent Cytoplasm Abscent

 02-5845F Abscent Cytoplasm Abscent

 99-50810E Nucleus Cytoplasm Abscent

 00-34056J Nucleus Cytoplasm Abscent

 02-32869C Nucleus Cytoplasm Abscent

 99-33943L Both Cytoplasm Abscent

 04-7124K Abscent Cytoplasm Both

 96-16383J Nucleus Cytoplasm Both

Normal mammary gland (N=7)

 7827A3 Nucleus Cytoplasm Both

 7561A1 Nucleus Cytoplasm Both

 7690A2 Nucleus Cytoplasm Both

 7643A1 Nucleus Cytoplasm Both

 7518A1 Nucleus Cytoplasm Both

 6486A1 Nucleus Cytoplasm Cytoplasm
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Sample No. BRCA1 Total β-catenin Active form of β-catenin

 7649A2 Nucleus Cytoplasm Cytoplasm

Both: Nucleus and Cytoplasm

In all samples, we detected cytoplasmic and cell membranous staining with total b-catenin antibody. As regards the expression of active b-catenin
protein, no staining was observed in 15 out of 17 BRCA1 mutant cases (15/17=88.2%). On the other hand, in 3 out of 14 sporadic cases, no staining
was detected (3/14=21.4%). This difference was statistically significant (p=0.00025: Fisher’s exact test). Furthermore, no BRCA1 staining was
observed in 3 sporadic breast cancers without the expression of active b-catenin protein.

*
indicates the absence of active b-catenin expression in the samples.

Mol Cancer Res. Author manuscript; available in PMC 2011 March 9.


