




























BRCC36 Is Essential for Ionizing Radiation–Induced BRCA1

Phosphorylation and Nuclear Foci Formation

Xiaowei Chen,
1
Cletus A. Arciero,

2
Chunrong Wang,

1
Dominique Broccoli,

1
and Andrew K. Godwin

1

Departments of 1Medical Oncology and 2Surgical Oncology, Fox Chase Cancer Center, Philadelphia, Pennsylvania

Abstract

We have previously reported the identification and charac-
terization of a novel BRCA1/2 interacting protein complex,
BRCC (BRCA1/2-containing complex). BRCC36, one of the
proteins in BRCC, directly interacts with BRCA1, and
regulates the ubiquitin E3 ligase activity of BRCC. Impor-
tantly, BRCC36 is aberrantly expressed in the vast majority of
breast tumors, indicating a potential role in the pathogenesis
of this disease. To further elucidate the functional conse-
quence of abnormal BRCC36 expression in breast cancer, we
have done in vivo silencing studies using small interfering
RNAs targeting BRCC36 in breast cancer cell lines, i.e., MCF-7,
ZR-75-1, and T47D. Knock-down of BRCC36 alone does not
affect cell growth, but when combined with ionizing radiation
(IR) exposure, it leads to an increase in the percentage of cells
undergoing apoptosis when compared with the small inter-
fering RNA control group in breast cancer cells. Immunoblot
analysis shows that inhibition of BRCC36 has no effect on the
activation of ATM, expression of p21 and p53, or BRCA1-
BARD1 interaction following IR exposure. Importantly, BRCC36
depletion disrupts IR-induced phosphorylation of BRCA1.
Immunofluorescent staining of BRCA1 and ;-H2AX indicates
that BRCC36 depletion prevents the formation of BRCA1
nuclear foci in response to DNA damage in breast cancer
cells. These results show that down-regulation of BRCC36
expression impairs the DNA repair pathway activated in
response to IR by inhibiting BRCA1 activation, thereby
sensitizing breast cancer cells to IR-induced apoptosis.
(Cancer Res 2006; 66(10): 5039-46)

Introduction

Breast cancer is the most common cancer affecting women,
with a woman’s lifetime risk of breast cancer at f10% by the age
of 80 years. In the U.S., it was estimated that in 2005, f211,000
new cases of breast cancer were diagnosed, and >40,000 deaths
resulted from this disease (1). Breast cancer is a genetically
heterogeneous disease, and germ line mutations in BRCA1 and
BRCA2 genes predispose women to early onset breast cancer and/
or ovarian cancer (2, 3). Since their cloning and characterization
in the mid-1990s (4, 5), BRCA1 and BRCA2 proteins have been
implicated in many cellular processes, including DNA repair and
cell cycle-checkpoint control (6–10). BRCA1 has also been
reported to be involved in protein ubiquitylation and chromatin
remodeling (11, 12). Despite the fact that BRCA1 and BRCA2

mutations contribute to hereditary breast/ovarian cancer predis-
position, somatic mutations are rarely found in sporadic breast
cancers (13–15). Nevertheless, evidence is accumulating that
dysfunction of other genes, coding for proteins in similar or
redundant pathways as BRCA1 and BRCA2, might be important
in the pathogenesis of a significant fraction of nonfamilial breast
cancers. This speculation comes from several lines of evidence,
including both phenotypic analyses of breast and ovarian tumors,
as well as mechanistic studies of BRCA1- and BRCA2-associated
pathways (16–18).
We have previously reported a novel multiprotein complex,

termed BRCC, containing seven polypeptides including BRCA1,
BRCA2, BARD1, and RAD51 (19). BRCC is an ubiquitin E3 ligase
complex exhibiting an E2-dependent ubiquitination of the tumor
suppressor p53. In this multiprotein complex, one of these
proteins, referred to as BRCC36, has been found to be associated
with BRCA1 and BRCA2, and has been shown to play an important
role in the regulation of the ubiquitin E3 ligase activity of BRCC.
The BRCC36 gene is located at the Xq28 locus, a chromosomal
break point in patients with prolymphocytic T cell leukemia (20).
BRCC36 displays sequence homology with the human Poh1/Pad1
subunit of the 26S proteasome and with subunit 5 (Jab1) of the
COP9 signalosome (19). We have shown that cancer-associated
mutations in BRCA1 abrogated the association of BRCC36 with
BRCC and BRCA1 (19). Furthermore, reconstitution of a recom-
binant four-subunit BRCC complex containing BRCA1/BARD1/
BRCC45/BRCC36 reveals an enhanced E3 ligase activity compared
with that of BRCA1/BARD1 heterodimer (19). In addition, we have
reported aberrant expression of BRCC36 in the majority of breast
cancer cell lines and invasive ductal carcinomas (19). The
mechanism and consequences of abnormal BRCC36 expression
in breast cancer are presently unknown.
Previous studies have shown that BRCA1 is activated via the

ATM/CHEK2 (CHK2) signaling pathway following the exposure of
cells to DNA-damaging agents such as ionizing radiation (IR; refs.
21, 22). Following IR, BRCA1 is phosphorylated and forms discrete
nuclear foci (dots) in response to DNA damage (23). Because
BRCC36 directly interacts with BRCA1, we investigated the effects
of knocking down BRCC36 expression, using small interfering
RNAs (siRNA) on the growth and apoptosis of breast cancer cells.
We further determined the role of BRCC36 in the BRCA1-
associated DNA repair pathway activation following DNA damage.
Here, our studies show that BRCC36 is a direct regulator of BRCA1
activation in response to IR.

Materials and Methods

Cell culture, siRNA transfection, and IR. Nontumorigenic epithelial

cell lines, MCF-10F and 12A were purchased from American Type Culture
Collection (Manassas, VA) and cultured in DMEM/F12 with reduced Ca2+

(0.04 mmol/L final), 20 ng/mL epidermal growth factor, 100 ng/mL

cholera toxin, 0.01 mg/mL insulin, 500 ng/mL hydrocortisone, and 5%
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Chelex-treated horse serum. The human breast cancer cell lines, MCF-7,
T47D, and ZR-75-1, were also obtained from the American Type Culture

Collection. MCF-7 cells were maintained in DMEM medium, supple-

mented with 10% fetal bovine serum, penicillin, and streptomycin. T47D

and ZR-75-1 cells were maintained in RPMI 1640, supplemented with
10% fetal bovine serum, penicillin, and streptomycin. 293-BARD1 cells

were generously provided by Dr. R. Shiekhattar (Wistar Institute,

Philadelphia, PA) and were maintained in MEM (Eagle) with 10% heat-

inactivated horse serum.
For the BRCC36 depletion studies, breast cancer cells were plated at a

density of 5 � 103 cells/cm2. After reaching 30% to 40% confluence, cells

were transfected with siRNA using OligofectAMINE and OPTI-MEM I

reduced serum medium (Invitrogen/Life Technologies, Inc., Carlsbad, CA)
according to the manufacturer’s protocol. The siRNA sequences targeting

BRCC36 corresponded to the coding region 253 to 273 bp (5¶-AAGAG-
GAAGGACCGAGTAGAA-3¶) relative to the start codon. The corresponding
siRNA duplexes with the following sense and antisense sequences were

used: 5¶-GAGGAAGGACCGAGUAGAAdTdT (sense) and 5¶-UUCUACUCG-
GUCCUUCCUCdTdT (antisense). This siRNA has been used in a previous

study (19), as well as another siRNA targeting BRCC36 (corresponding to
the coding region 120-138 bp). Both resulted in similar levels of transcript

depletion. Green fluorescent protein siRNA was used as the negative

control. All of the siRNA duplexes were synthesized by Dharmacon

Research, Inc. (Lafayette, CO) using 2¶-ACE protection chemistry. Twenty-
four hours after the initial transfection, cells were subcultured and replated

at 5 � 103 cells/cm2. The cells were then retransfected under similar

conditions 24 hours after replating. Seventy-two hours after the first
transfection, the cells were irradiated using a Cesium 137 irradiator (model

81-14R). The cells received 4 Gy total IR (1.132 Gy/min for 3.53 minutes) for

a targeted 50% induction of apoptosis (24). Cells were then grown for an

additional 72 hours prior to harvesting and further analyses.
RNA isolation, reverse transcription, and quantitative PCR. Total

cellular RNA was isolated from cells using TRIzol reagent (Invitrogen)

according to the protocols provided by the manufacturer. Total RNA (2 Ag)
was used as a template to be reverse-transcribed in a 20 AL reaction

containing 5 Amol/L random hexamers, 500 Amol/L of deoxynucleoside

triphosphate mix, 1� reverse transcriptase buffer, 5 mmol/L MgCl2, 1.5

units of RNase inhibitor, and 7.5 units of MuLV reverse transcriptase. All

reagents were obtained from Applied Biosystems (Branchburg, NJ). The

reaction conditions were as follows: 10 minutes at 25jC, 1 hour at 42jC,
and 5 minutes at 94jC. The cDNA mixture (0.625 AL) was used in a real-

time PCR reaction (25 AL total volume) done with ABI 7900HT (Applied

Biosystems) following protocols recommended by the manufacturer.

Optimal conditions were defined as: step 1, 95jC for 10 minutes; step 2,

95jC for 15 seconds, 60jC for 60 seconds with Optics, repeated for 40

cycles. The relative mRNA expressions of BRCC36 were adjusted with

h-actin (ACTB). The primer and probe sets used for real-time PCR were as
follows: BRCC36 , forward primer, 5¶-AATTTCTCCAGAGCAGCTGTCTG;
reverse primer, 5¶-CATGGCTTGTGTGCGAACAT; TaqMan probe, (FAM)

5¶-AACTGACAGGCCGCC-CCATGAG-(BHQ1); h-actin, forward primer, 5¶-
GCCAGGTCATCACCATTGG; reverse primer, 5¶-GCGTACAGGTCTTTGCG-
GAT; TaqMan probe, (Cal red) 5¶-CGGTTCCGCTGCCCTGAGGC-(BHQ2).

Coimmunoprecipitation. 293 cells that stably express FLAG-BARD1

(19) at 70% to 80% confluence were washed twice with ice-cold D-PBS

before scraping on ice with lysis buffer [50 mmol/L Tris-HCl (pH 7.4), with
150 mmol/L NaCl, 1 mmol/L EDTA, and 1% Triton X-100 and one tablet of

protease inhibitor mixture per 40 mL of lysis buffer (Roche Molecular

Biochemicals, Indianapolis, IN)]. Cellular debris was removed by centrifu-

gation (14,000 � g for 15 minutes at 4jC), and protein concentrations were
determined using the Bio-Rad detergent-compatible protein assay reagent.

Cell lysate (1.5 mg) was added to the anti-FLAG M2-agarose affinity gel

(Sigma, St. Louis, MO). All samples were placed on a roller shaker overnight

at 4jC. After centrifugation, the supernatants were removed and the gel
beads were washed thrice with 0.5 mL of wash buffer [50 mmol/L Tris-HCl

(pH 7.4), with 150 mmol/L NaCl]. The beads were washed an additional

four times with the wash buffer, resuspended in 20 AL of 2� SDS sample

buffer before boiling for 5 minutes. Fifteen microliters of immunoprecip-

itate were separated by SDS-PAGE electrophoresis on 4% to 20% and 5%
linear gradient Tris-HCl ready gels (Bio-Rad, Richmond, CA).

Western blot and antibodies. Cells were homogenized in lysis buffer

[20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 2.5 mmol/L Na-

pyrophosphate, 1 mmol/L Na-h-glycerophosphate, 20 mmol/L NaF, 1

mmol/L Na3VO4, 1 mmol/L phenylmethylsulfonyl fluoride, 1% Triton X-100,

one tablet of protease inhibitor mixture (Roche Molecular Biochemicals)].

Cellular debris was removed by centrifugation as above. Protein concen-

trations were determined with Bio-Rad detergent-compatible protein assay

(Bio-Rad). For BRCA1 and pATM, cells were lysed directly in Laemmli

sample buffer (Bio-Rad). Proteins were resolved on 5% (BRCA1 and pATM)

or 4% to 20% linear gradient (h-actin, p53, p21, and RAD51) SDS-PAGE

ready gels at 120 V for 1.5 to 3 hours with 1� SDS running buffer. SDS-

PAGE gels were transferred onto an Immobilon-P polyvinylidene difluoride

membrane (Millipore, Bedford, MA). Primary antibodies used for Western

analysis were mouse anti-BRCA1 (1:100; EMD Biosciences, San Diego, CA),

mouse anti-phosphorylated ATM-S1981 (1:500; Rockland, Gilbertsville, PA),

mouse anti-p53 (1:1,000, Cell Signaling, Beverly, MA), mouse anti-p21WAF

(1:100, EMD Biosciences), mouse anti-RAD51 (1:500; Upstate Biotechnology,

Lake Placid, NY), mouse anti-FLAG M2 (1:1,000; Sigma), and mouse anti-

h-actin (1:5,000; Sigma). Secondary antibodies were mouse and rabbit IgG,
horseradish peroxidase–linked (1:10,000; Amersham, Piscataway, NJ).

Perkin-Elmer Life Sciences renaissance enhanced luminol reagents (Boston,

MA) were used as substrates for detection. To reprobe immunoblot

membranes, Restore Western blot stripping buffer (Pierce, Rockford, IL)

was used to strip the membrane.

Apoptosis assay. Breast cancer cells were collected by trypsinization

and pelleted by centrifuging for 5 minutes at 800 � g at 4jC. After washing
with 1 mL of ice-cold 1� Nexin buffer (Guava Technologies, Hayward, CA),
the cells were resuspended in 100 AL of the same buffer. After labeling with
Annexin V and 7-amino actinomycin D, the proportion of apoptotic cells

was determined using a Guava personal cytometer (Guava Technologies)
according to the manufacturer’s instruction. Cell apoptosis was also

analyzed using a terminal nucleotidyl transferase–mediated nick end

labeling (TUNEL) assay. In brief, breast cancer cells were grown in four-well

chamber slides (Nalge Nunc International, Rochester, NY). After fixing with
4% paraformaldehyde in PBS and permeabilizing with 0.1% Triton X-100 in

0.1% sodium citrate solution, apoptotic cells were detected using an in situ

cell death detection kit (Roche, Germany) according to the manufacturer’s

instructions. At least 1,200 cells from eight independent fields were counted
to evaluate the percentage of apoptotic cells.

Immunofluorescence and antibodies. MCF-7, ZR-75-1, and T47D cells

were grown in four-well chamber slides (Nalge Nunc International) and
processed for immunofluorescent analysis as described previously (25). For

nuclear foci formation and colocalization of the BRCA1 and g-H2AX, cells
were preextracted in protein extraction solution (20 mmol/L HEPES,

50 mmol/L NaCl, 3 mmol/L MgCl2, 300 mmol/L sucrose, and 0.5% Triton
X-100), fixed in 3.7% formaldehyde (Fisher, Pittsburgh, PA) in PBS for 10

minutes and permeabilized in 0.5% NP40 in PBS prior to incubation with

the following antibodies: rabbit anti-BRCA1 (1:200; Santa Cruz Biotech-

nology, Santa Cruz, CA) and mouse anti-g-H2AX (1:200; Upstate
Biotechnology). Primary antibodies were detected with tetramethyl

rhodamine isothiocyanate–conjugated donkey anti-rabbit IgG and FITC-

conjugated donkey anti-mouse IgG (1:100; Jackson ImmunoResearch, West

Grove, PA). DNA was counterstained with 0.1 Ag/mL of 4¶,6¶-diamidino-
2-phenylindole (Sigma) and mounted in embedding medium (0.1%

p-phenylene diamine in 90% glycerol, 1� PBS). Microscopic analysis was

carried out using the Eclipse TE2000 (Nikon, Melville, NY) and images
captured using a Cascade 650 monochrome camera (PhotoMetrics,

Huntington Beach, CA). A series of 0.5-Am sections were collected for

seven fields of each treatment group. Image acquisition from a Cascade

650 monochrome camera (PhotoMetrics) was controlled by MetaVue
(v6.2r6, Universal Imaging/Molecular Devices, Downingtown, PA). An

automated Ludl MAC2000 x-y stage and z-axis motor were also controlled

using the MetaVue software (v6.2r6).

Image analysis. Quantification of BRCA1 and g-H2AX nuclear foci
formation was done with Metamorph software (v6.1; Universal Imaging/
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Molecular Devices). In brief, a series of Z-sections for each channel was
reassembled using the ‘‘maximum’’ type option within the ‘‘3-D recon-

struction’’ function. Nuclei were defined in the 4¶,6¶-diamidino-2-phenyl-
indole channel using the functions of ‘‘threshold for light objects’’ and

‘‘create regions from objects.’’ Adjacent nuclei were separated into
independent regions using the ‘‘cut-drawing’’ tool. Regions were then

transposed onto the reassembled image for each digital channel, after

background was removed using the ‘‘flatten background’’ function, and

positive signals were identified by manual thresholding (high, 2,836; low,
1,758). For each nucleus, the number of the BRCA1 or g-H2AX foci was

calculated using the ‘‘foci measure’’ function. Approximately 70 cells of each

treatment group from seven independent fields were analyzed to evaluate

the number of BRCA1 foci.
Statistical analysis. Student’s t test was employed using SAS software

8.0 (SAS Institute, Cary, NC). P < 0.05 was considered significant and results

were presented as the mean F SD.

Results

Inhibition of BRCC36 gene expression by siRNA. To further
elucidate the functional consequence of BRCC36 aberrant expres-
sion in the pathogenesis of breast cancer, we did in vivo silencing
studies targeting BRCC36 in MCF-7, T47D, and ZR-75-1 breast
cancer cell lines, which constitutively expresses high levels of
BRCC36 transcript relative to nontumorigenic breast epithelial
cells, i.e., MCF-10F and MCF12A (Fig. 1A). Because antibodies
specific to BRCC36 protein are not available, quantitative PCR was
used to establish constitutive and attenuated BRCC36 mRNA levels.
We used siRNA targeting BRCC36 or green fluorescent protein
(negative control) to assess the response of BRCC36 depletion in
breast cancer cells. Various siRNAs to BRCC36 were previously
evaluated (19) and shown to be effective alone or in combination;
however, for the purpose of these studies, BRCC36-siRNA1 was
used. Treatment with this siRNA resulted in a >50% to 80%
decrease in BRCC36 mRNA levels in comparison to mock-treated
or siRNA control–transfected cells (P < 0.05) by 72 hours. The
greatest level of suppression was observed in MCF-7 cells (Fig. 1B).

Abrogation of BRCC36-enhanced IR-induced breast cancer
cell apoptosis. Following depletion of BRCC36 via siRNA, MCF-7,
ZR-75-1, or T47D were treated with and without IR (4 Gy). The
cells were cultured for an additional 72 hours prior to harvesting
and were examined for DNA damage–induced cell apoptosis via
Annexin V and 7-amino actinomycin D staining. No significant
difference in the fraction of cells undergoing apoptosis in mock-
treated, siRNA control-transfected, or siRNA-BRCC36–transfected
cells was observed in the absence of IR, indicating that depletion
of BRCC36 alone is not lethal (Fig. 2A ; data not shown). However,
when combined with BRCC36 knock-down, IR exposure led to a
significant increase in the percentage of MCF-7 cells that undergo
apoptosis (45.9 F 4.3%) when compared with the siRNA control
group (34.9 F 1.9%, P < 0.05; Fig. 2A ; Table 1). Consistent with
these results, the overall cell viability was substantially lower in
siRNA-BRCC36–treated cells following IR as compared with
control cells (50.9 F 5.8% versus 58.4 F 5.7%; Table 1). Similar
results were observed in T47D cells treated with siRNA-BRCC36
and IR versus controls (42.2 F 4.5% versus 23.3 F 1.9%, P < 0.05;
Fig. 2A ; Table 1). Although the trend was evident for ZR-75-1 cells,
the fraction of cells undergoing apoptosis following depletion of
BRCC36 and IR were not statistically significantly different (data
not shown). Induction of apoptosis was confirmed using a TUNEL
assay and MCF-7 cells (Fig. 2B). The combination of BRCC36
siRNA abrogation and IR exposure again resulted in a significant
increase in the fraction of cells undergoing apoptosis when

compared with the siRNA control–treated cells (40.9 F 2.7%
versus 24.9 F 3.3%, P < 0.05; Fig. 2C).

Inhibition of BRCC36 disrupted BRCA1 phosphorylation in
breast cancer cells exposed to IR. Previous studies have
indicated that the BRCA1 protein is phosphorylated in response
to DNA-damaging agents (23). Because BRCC36 directly interacts
with BRCA1 (19), we examined the effect of BRCC36 depletion on
BRCA1-associated DNA repair/damage pathways. MCF-7 cells
were treated with siRNA targeting BRCC36 , and then exposed to 4
Gy of IR to induce DNA damage. MCF-7 cells were harvested 2
hours after IR. Western blot analysis was carried out to examine
the expression and modification of BRCA1, p21, p53, and ATM.
Western analysis clearly shows that DNA damage induced by IR
resulted in increased expression of p21, stabilization of p53, and
phosphorylation of BRCA1 and ATM (S1981) as expected (Fig. 3).
This same pattern was observed in siRNA control–treated cells.
Importantly, the reduction of BRCC36 blocked IR-induced
phosphorylation of BRCA1. In comparison, BRCC36 knock-down
had no effect on IR-induced expression of p21, stabilization of
p53, and phosphorylation of ATM.

Effects of inhibition of BRCC36 on integrity of BRCA1-
BARD1 heterodimer. To determine if depletion of BRCC36 affects
the integrity of the BRCA1-BARD1 heterodimer, we targeted
BRCC36 mRNA in a 293-derived cell line expressing FLAG-BARD1

Figure 1. Abrogation of BRCC36 expression by siRNA treatment. Quantitative
reverse transcription-PCR analysis was done to examine the gene expression of
BRCC36 . The relative level of BRCC36 expression was adjusted with h-actin
(ACTB ). A, BRCC36 expression in nontumorigenic (MCF-10F and MCF12A )
and tumorigenic (MCF-7, ZR-75-1 , and T47D ) breast epithelial cell lines. B,
BRCC36 expression in breast cancer cell lines after siRNA treatment (P < 0.05).

BRCC36 Depletion in IR-Induced BRCA1 Activation
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Figure 2. Apoptosis analysis in breast cells exposed to IR. A, MCF-7 and T47D cells were mock treated (non-siRNA) or were transfected with siRNA-control
or siRNA-BRCC36 prior to IR exposure. The proportion of apoptotic cells was measured following Annexin V and 7-amino actinomycin D staining using a
Guava personal cytometer. All studies were done in triplicate. B, TUNEL labeling was done to detect apoptotic MCF-7 cells (light green ) following exposure
to IR. C, data analysis of the TUNEL assay. At least 1,200 cells of each treatment group from eight independent fields were counted to evaluate the percentage
of apoptotic cells.
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(19). Immunoprecipitation was done using anti-FLAG on lysates
prepared from cells transfected with the BRCC36 or control
siRNAs. BRCA1 and BARD1 were examined with SDS-PAGE and
Western blot. Reduction of BRCC36 did not seem to alter the
BRCA1-BARD1 interaction in either untreated or IR-treated cells
(Fig. 4).

Inhibition of BRCC36 disrupts BRCA1 nuclear foci forma-
tion in breast cancer cells exposed to IR. It is well characterized
that BRCA1 localizes to discrete nuclear foci (dots) during S phase
or in response to DNA damage. In our previous report, we showed
that BRCC36 directly interacts with BRCA1 at the region
encompassing amino acids 502 to 1,054 (19). This region falls
within the BRCA1 DNA-binding domain (amino acids 452-1079).
Because the DNA-binding domain has been shown to contribute to
the BRCA1 relocalization after DNA damage (23, 26), we sought to
evaluate the role of BRCC36 in the formation of BRCA1 nuclear
foci in response to DNA damage. MCF-7, T47D, and ZR-75-1 cells,
mock-treated or transfected with siRNA-control or siRNA-BRCC36 ,
were exposed to IR (4 Gy), and were evaluated for BRCA1 and

g-H2AX subcellular location. Recent studies have shown that the
three breast cancer cell lines used in this study possess wild-type
BRCA1 (27). As shown in Fig. 5, BRCC36 deficiency inhibits BRCA1
focus formation as compared with mock-treated and siRNA
control–transfected cells. Importantly, g-H2AX response to IR
was unaffected in the cells transfected with BRCC36 siRNA
(Fig. 5A-C). Quantification of BRCA1 nuclear foci showed that
siRNA-BRCC36 transfection in MCF-7 cells resulted in 63% and
52% decrease compared with siRNA-control cells at 2 and 4 hours
post-IR, respectively (P < 0.05; Fig. 5D and E). Similar results were
observed in T47D (49% and 36%) and ZR-75-1 (59% and 71%) cells
(Fig. 5D and E). Collectively, these results show that down-
regulation of BRCC36 expression impairs the DNA repair pathway
activated in response to IR by inhibiting BRCA1 activation.

Discussion

In this study, we have evaluated the role of BRCC36 in the ATM/
BRCA1 DNA repair pathway in breast cancer cells in response to
IR. The key findings of this work lie in the following: first, we have
shown that the depletion of BRCC36 mRNA enhances IR-induced
apoptosis of breast cancer cells (Fig. 2). Second, the reduction of
BRCC36 prevents the IR-induced activation of BRCA1 whereas
other IR response proteins, such as ATM, p53 and p21, are
unaffected (Fig. 3). Third, BRCC36 abrogation inhibits the

Table 1. Nexin assay in breast cancer cells exposed to IR

MCF-7 T47D

Viable cells (%) Apoptotic cells (%) Viable cells (%) Apoptotic cells (%)

Non-siRNA 57.3 F 7.2 34.4 F 4.5 68.5 F 0.3 26.5 F 0.4

siRNA-Control 58.4 F 5.7 34.9 F 1.9 70.5 F 2.3 23.3 F 1.9

siRNA-BRCC36 50.9 F 5.8 45.9 F 4.3* 52.7 F 2.4 42.2 F 4.5*

* siRNA-BRCC36 versus siRNA-Control (Student’s t test, P < 0.05).

Figure 3. Activation of BRCA1 in response to IR treatment. MCF-7, MCF-7/
siRNA control and MCF-7/siRNA-BRCC36 cells were treated with or without IR
(4 Gy), and cells were evaluated 2 hours after radiation exposure. BRCA1
protein was evaluated by immunoblotting with anti-BRCA1 antibody and
shifts in the mobility of the protein bands indicated phosphorylated and
unphosphorylated protein. The protein levels of phosphorylated ATM, p53, and
p21 were determined by immunoblotting with anti-p-ATM, anti-p53, and
anti-p21 antibodies, respectively. Protein loading levels were evaluated by
immunoblotting with anti-h-actin antibody.

Figure 4. Effects of inhibition of BRCC36 on the integrity of BRCA1-BARD1
heterodimer. 293-BARD1-FLAG cells were transfected with either siRNA-GFP
(siRNA Control ) or siRNA-BRCC36 . Transfected cells were then treated
with 4 Gy IR and were incubated for 2 hours before harvesting. 293 cell lysate
(1.5 mg; control or BRCC36-siRNA transfected) was incubated with
ANTI-FLAG M2-agarose affinity gel. Immunoprecipitates were separated by
SDS-PAGE electrophoresis. The protein levels of BRCA1 and BARD1 were
determined by immunoblotting with anti-BRCA1 and anti-BARD1 antibody,
respectively (NC, negative control).

BRCC36 Depletion in IR-Induced BRCA1 Activation
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Figure 5. BRCA1 nuclear foci formation in breast cancer cells following IR exposure. MCF-7, ZR-75-1, and T47D cells were mock-treated (non-siRNA) or transfected
with siRNA-CON or siRNA-BRCC36. Transfected cells were then treated with 4 Gy IR and were incubated for 2 or 4 additional hours. After pre-extraction and
fixation, transfection cells then were immunostained for BRCA1 and g-H2AX. Microscopic analysis was carried out using the Nikon Eclipse TE2000 and a Cascade
650 monochrome camera. Quantification of BRCA1 nuclear foci formation was done with Metamorph software (v6.1.). A, BRCA1 and g-H2AX nuclear foci
formation without IR exposure. B, BRCA1 and g-H2AX nuclear foci formation at 2 hours post-IR exposure. C, BRCA1 and g-H2AX nuclear foci formation at 4 hours
post-IR exposure.
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formation of BRCA1 nuclear foci following IR, without preventing
the interaction of BRCA1 with its well-characterized binding
partner, BARD1 (Figs. 4 and 5; data not shown).
The damage caused by IR activates various DNA repair

pathways, including the ATM/ATR/CHEK2 pathways (21, 28).
The central component of these DNA repair pathways is ATM
kinase (29). ATM is activated by DNA damage and phosphorylates
multiple factors, including BRCA1 and p53, which are involved in

DNA repair, apoptosis and cell cycle arrest (21, 30, 31). As our
results indicate, depletion of BRCC36 expression by siRNAi blocks
BRCA1 activation, i.e., phosphorylation and nuclear foci formation
in breast cancer cells following IR exposure, but has no direct
effect on IR-induced apoptosis. Because of the role of BRCA1 in
DNA repair, we propose that disrupting BRCA1 activation by
BRCC36 depletion creates an imbalance between the DNA repair/
cell survival and DNA damage/cell apoptosis pathways in cells
following IR exposure (Fig. 6). As a result, BRCC36 depletion seems
to substantially sensitize breast cancer cells to IR-induced
apoptosis. However, it should be noted that these studies were
done in a limited number of breast cancer cell lines, the caveat
being that the DNA damage response may be altered in any or all
cancer cell lines.
BRCA1 has been examined for a possible role in the development

of radioresistant breast tumors. In fact, researchers have reported
that BRCA1-deficient breast cancer cells have an increased
sensitivity to IR (32). More recent studies have focused on the
genes that code for proteins with equivalent/complementary
functions to BRCA1 or function in the same pathway as BRCA1.
A number of studies (33–37) have reported that manipulation of
BRCA1-associated proteins affects cellular resistance or sensitivity
to IR. The abnormal change (loss or gain) of any component in
these BRCA1-related protein complexes may lead to their
functional defects, which would result in a ‘‘BRCA1 null’’ phenotype.
This may begin to explain why BRCA1 itself is rarely mutated and
only occasionally (f10%) epigenetically down-regulated in spo-
radic diseases (18, 38). Therefore, BRCA1-associated proteins,
including BRCC proteins, may serve as potential targets for the
treatment of breast cancer, including radiation therapy.
In a previous report, we have shown that BRCC36 directly

interacts with amino acids 502 to 1,054 of BRCA1 (19). In our
current study, we have found that IR induced-BRCA1 nuclear foci
formation is disrupted in BRCC36-depleted breast cancer cells
(Fig. 5). The mechanism by which BRCC36 interferes with IR
induced-BRCA1 localization is not clear. Previous studies have
shown that BRCA1 consists of a DNA-binding domain region
encompassing amino acids 452 to 1,079, and this BRCA1 DNA-
binding domain contributes to the DNA repair–related functions
of BRCA1, including the BRCA1 relocalization after DNA damage

Figure 5 Continued. Quantification of BRCA1 (D) and g-H2AX (E) nuclear foci
formation without IR or at 2 and 4 hours post-IR exposure. Approximately
70 cells in each treatment group from seven independent fields were analyzed
to evaluate the number of BRCA1 or g-H2AX nuclear foci.

Figure 6. Model illustrating the potential role of BRCC36 in the
BRCA1-associated DNA repair pathway in response to IR.
BRCA1, p53, and CHEK2 are phosphorylated by ATM following
DNA damage by IR; BRCA1 and p53 are involved in DNA repair
and apoptosis, respectively. This activation leads to recruitment
of many proteins to the site of the DNA damage, including
BARD1, RAD51, BRCA2, and presumably BRCC36. Depletion of
BRCC36 via siRNAs prevents the phosphorylation of BRCA1
and disrupts BRCA1 nuclear foci formation following IR, whereas
g-H2AX remains associated with regions of DNA damage. Due
to the role of BRCA1 in DNA repair, the balance between the DNA
repair/cell survival and DNA damage/cell apoptosis is disrupted
and depletion of BRCC36 therefore sensitizes breast cancer cells
to IR-induced apoptosis.

BRCC36 Depletion in IR-Induced BRCA1 Activation
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(23). The function of BRCA1 DNA-binding domain has been
reported to be partially mediated through a protein complex,
termed as BRCA1-associated surveillance complex (BASC; ref. 26).
Interestingly, the location of BRCA1 DNA-binding domain
coincides with the region that BRCC36 binds to, i.e., amino acids
452 to 1,079 versus amino acids 502 to 1,054 of BRCA1,
respectively. In this study, we have found that depletion of
BRCC36 by siRNA knock-down prevents the phosphorylation of
BRCA1 following IR (Fig. 3). Previous studies have shown that
BRCA1 is bound and phosphorylated by the ATM kinase and the
G2-M control kinase (CHEK2) after IR (21, 39, 40). Coincidentally,
a host of studies have suggested that ATM and CHEK2 also bind
to this central region of BRCA1 [reviewed by Narod and Foulkes
(38)]. These findings may provide insight as to why depletion of
BRCC36 in our studies inhibits BRCA1 activation, e.g., BRCC36
could help recruit BRCA1 to ATM and CHEK2 or stabilize their
interactions following activation of the DNA damage response
pathway. Our future studies are geared towards determining if
BRCC36 remains associated with activated BRCA1 or whether
BRCC36 must be displaced prior to phosphorylation by ATM and
CHEK2. We have begun to explore these questions and have
found that BARD1 and RAD51 remain associated with BRCA1
following BRCC36 depletion (Fig. 4; data not shown). However,

we have yet to determine if BRCC36 depletion affects the inter-
action between BRCA1 and ATM and/or CHEK2 (data not shown).
Overall, our studies define BRCC36 as a direct regulator of

BRCA1 activation and nuclear foci formation in response to IR in a
number of breast cancer cell lines. Our results suggest that down-
regulation of BRCC36 expression impairs the DNA repair pathway
activated in response to IR and seems to sensitize breast cancer
cells to IR-induced apoptosis. Therefore, it is intriguing to
speculate that targeting BRCC36 may aid in the treatment of
radiation-resistant breast tumors.
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Intronic Alterations in BRCA1 and BRCA2:
Effect on mRNA Splicing Fidelity and Expression
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Communicated by Haig H. Kazazian

Germline mutations in the human breast cancer susceptibility genes BRCA1 and BRCA2 account for the
majority of hereditary breast and ovarian cancer. In spite of the large number of sequence variants identified in
BRCA1 and BRCA2 mutation analyses, many of these genetic alterations are still classified as variants of
unknown significance (VUS). In this study, we evaluated 12 BRCA1/2 intronic variants in order to differentiate
their pathogenic or polymorphic effects on the mRNA splicing process. We detected the existence of aberrant
splicing in three BRCA1 variants (c.301-2delA/IVS6-2delA, c.44111G4A/IVS711G4A, and c.49861

6T4G/IVS1616T4G) and two BRCA2 variants (c.848711G4A/IVS1911G4A and c.8632-2A4
G/IVS20-2A4G). All but one of the aberrant transcripts arise from mutations affecting the conserved splice
acceptor or donor sequences and all would be predicted to result in expression of truncated BRCA1 or BRCA2
proteins. However, we demonstrated that four of these splice-site mutations (i.e., c.301-2delA, c.44111G4A,
c.498616T4G, and c.8632-2A4G) with premature termination codons were highly unstable and were
unlikely to encode for abundant expression of a mutant protein. Three variants of BRCA1 (c.21213A4G/
IVS513A4G, c.59318A4G/IVS918A4G, and c.4986-20A4G/IVS16-20A4G) and four variants of
BRCA2 (c.516-19C4T/IVS6-19C4T, c.7976-4_7976_3delTT/IVS17-4delTT, c.8487119A4G/IVS191

19A4G, and c.9256-18C4A/IVS24-18C4A) in our studies show no effects on the normal splicing process,
and they are considered to be benign polymorphic alterations. Our studies help to clarify the aberrant splicing in
BRCA1 and BRCA2 as well as provide information that can be used clinically to help counsel breast/ovarian
cancer prone families. Hum Mutat 27(5), 427–435, 2006. Published 2006 Wiley-Liss, Inc.y

KEY WORDS: BRCA1; BRCA2; splicing; nonsense-mediated mRNA decay; NMD; variants of unknown significance;
breast cancer; ovarian cancer

INTRODUCTION

Germline mutations in human breast cancer susceptibility
genes, BRCA1 (MIM] 113705) and BRCA2 (MIM] 600185),
are responsible for the vast majority of hereditary breast and
ovarian cancer [Bove et al., 2002; Ford et al., 1998]. The lifetime
risk of cancer among female BRCA1 or BRCA2 mutation carriers
is estimated to be between 36 and 85% for breast cancer and
between 16 and 60% for ovarian cancer [Breast Cancer Linkage
Consortium, 1999; King et al., 2003; Malone et al., 2000]. To date,
approximately 3,400 sequence variants (listed online at the Breast
Cancer Information Core [BIC]; http://research.nhgri.nih.gov/bic)
in each of these genes have been identified by extensive
mutational analyses since their cloning and characterization in
the mid-1990s [Frank et al., 2002; Miki et al., 1994; Wooster
et al., 1995]. However, in spite of the large number of sequence
variants in BRCA1 and BRCA2, only frameshifts (insertions/
deletions), splice-sites, nonsense mutations, and a few missense
mutations are accepted as disease-associated genetic alterations
[Breast Cancer Linkage Consortium, 1999; Frank et al., 1998;
Shattuck-Eidens et al., 1997]. Little has been done with respect to
other types of mutations, including intronic variants, to investigate
their possible roles in the predisposition to breast and ovarian
cancer [Arnold et al., 2002]. These genetic alterations, therefore,
are typically classified as variants of unknown/uncertain signifi-

cance (VUS). These VUSs pose a clinical challenge in the
management of patients from cancer-prone families. Because of
their unknown functional significance, the medical management
of individuals in these families remains a dilemma.

Among these VUSs, alterations occurring in intron-exon
boundaries of BRCA1 and BRCA2 have potential impacts on
splicing fidelity. A previous study has demonstrated that variants
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at the splicing sites affecting mRNA processing account for 15%
of point mutations that associate with the genetic diseases
[Krawczak et al., 1992]. Approximately 5% of all BRCA1 and
BRCA2 alterations are splice-site mutations (http://research.
nhgri.nih.gov/bic). However, only a few of these mutations have
been examined for their effects on BRCA1 and BRCA2 mRNA
splicing fidelity [Agata et al., 2003; Brose et al., 2004; Campos
et al., 2003; Claes et al., 2003; Fetzer et al., 1999; Keaton et al.,
2003; Laskie Ostrow et al., 2001; Pyne et al., 2000; Scholl et al.,
1999] and few if any have been evaluated for their effect on the
stability of the mutant transcripts.

Alterations within splicing sites of BRCA1 and BRCA2 also
have potential impacts on mRNA transcript stability, because the
mutant allele caused by aberrant splicing may contain a premature
termination codon (PTC) which could activate the nonsense-
mediated mRNA decay (NMD) pathway. NMD represents a
phylogenetically widely conserved splicing- and translation-
dependent mechanism that eliminates transcripts with PTCs and
suppresses the accumulation of C-terminally truncated peptides
[Frischmeyer and Dietz, 1999; Weischenfeldt et al., 2005].
Elimination of frameshift transcripts that result from aberrant
splicing has been suggested as an important function of NMD
[Frischmeyer and Dietz, 1999; Weischenfeldt et al., 2005].
Blocking NMD with translation inhibitor, e.g., puromycin, has
been used to help detect aberrant spliced alleles which contain
PTCs [Andreutti-Zaugg et al., 1997; Nomura et al., 2000].

As a result of mutation screening of BRCA1 and BRCA2
in hundreds of breast cancer prone kindreds, we identified six
BRCA1 and six BRCA2 intronic alterations that are located at or
near an exon-intron boundary. The purpose of this study was to
characterize these 12 BRCA1/2 variants in order to differentiate
their pathogenic or polymorphic effects on mRNA splicing and
expression. Our studies further defined the consequence of these
sequence variants on RNA splicing and provided information
regarding stability of the various mutant transcripts.

MATERIALSANDMETHODS
Nomenclature and Databases

Both the Human Genetic Variation Society (HGVS) approved
guidelines (www.hgvs.org/mutnomen) and the BIC (Breast Cancer
Information Core; http://research.nhgri.nih.gov/bic) traditional
system have been used in our studies for BRCA1 and BRCA2
nomenclature. In order to achieve the accuracy and also facilitate
the published data comparison, an alteration was expressed as
‘‘HGVS approved/BIC Traditional’’ when it first appeared in the
article. RefSeqs (GenBank accession no. NM_007295.2 and
NM_000059.1) have been used for HGVS-approved BRCA1
and BRCA2 DNA and mRNA numbering, respectively. RefSeqs
(GenBank accession no. NP_009226.1 and NP_000050.1) have
been used for HGVS-approved BRCA1 and BRCA2 amino acid
numbering, respectively. The A of the ATG translation initiation
codon is 11, according to approved guidelines. RefSeqs (GenBank
accession no. U14680 and U43746) have been used for BIC
traditional BRCA1 and BRCA2 numbering, respectively.

Family Risk Assessment Program (FRAP) andBRCA1
andBRCA2 Mutation Analysis

Women with a family history of breast and ovarian cancer who
were enrolled in the Family Risk Assessment Program (FRAP)
were eligible for the present study. The FRAP was designed to
provide education and cancer risk counseling for women with at
least one first-degree relative (i.e., mother, sister, or daughter) with

breast or ovarian cancer. Blood samples were collected following
informed consent for participating in various FRAP-directed
research studies including genetic susceptibility testing. Constitu-
tional DNAs isolated from 375 participants’ lymphocytes were
screened for mutations in BRCA1 and BRCA2 as previously
described [Andrulis et al., 2002; Kulinski et al., 2000; Oleykowski
et al., 1998].

Lymphoblastoid Cell Lines (LCL)

Lymphocytes isolated from FRAP blood samples were infected
with Epstein-Barr virus (EBV) to establish the immortal
lymphoblastoid cell lines (LCLs). LCLs were maintained in RPMI
media (GIBCO BRL, Gaithersburg, MD; www.gibcobrl.com)
supplemented with 20% fetal calf serum (FCS) and antibiotics
at 371C, 5% CO2 atmospheric conditions, and 95% humidity. The
immortalized LCLs from cancer-free individuals who had tested
negative for mutations in BRCA1 and BRCA2 served as wild-type
controls. To prevent potential degradation of unstable transcripts
by nonsense-mediated mRNA decay, a translational inhibitor,
puromycin (Sigma, St. Louis, MO; www.sigmaaldrich.com), was
added to the EBV cells at the concentration of 200 mg/ml for 14 hr
before total RNAs were isolated.

RNA Isolation and RT-PCR

Total cellular RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA; www.invitrogen.com), according to the protocols
provided by the manufacturer (www.invitrogen.com/content/sfs/
manuals/10296010.pdf). Purified RNA samples were further
processed with DNA-free kit as suggested by the manufacturer
(Ambion, Houston, TX; www.ambion.com). After quantification
with a Bioanalyzer-2100 system using RNA 6000 Nano LabChip
kits (Agilent Technologies, Palo Alto, CA; www.agilent.com), 2 mg
of total RNA from each sample was used as a template to be
reverse-transcribed (RT) in a 20-ml reaction, which also contained
5 mM random hexamers, 500mM deoxynucleoside triphosphate
mix, 1� reverse transcriptase buffer, 5 mM MgCl2, 1.5 units of
RNase inhibitor, and 7.5 units of MuLV RTase. All reagents were
purchased from Applied Biosystems (Branchburg, NJ; www.applied-
biosystems.com). The reaction conditions were 10 min at 251C, 1 hr
at 421C, and 5 min at 941C. Then, 2ml of the cDNA mixture was
used in a PCR reaction, with specific primers targeting the potential
splicing site. Optimal conditions were defined as: Step 1, 951C for
10 min; Step 2, 941C for 15 sec, 601C for 30 sec, 721C for 45 sec,
repeated for 40 cycles; Step 3, 721C for 7 min. The detailed
information with regard to primer design and sequences are
available upon request. The products were electrophoresed on 2%
agarose gels. Uncloned PCR fragments were cleaned with QIAquick
PCR Purification Kit (Qiagen, Hilden, Germany; www.qiagen.com),
sequenced and analyzed in both sense and antisense directions for
the presence of heterozygous splicing variations. Analysis of the
DNA sequences was performed using Sequencher v4.2 (Gene
Codes, Ann Arbor, MI; www.genecodes.com).

Subcloning the PCR Product and SequenceAnalysis

PCR products of potential mutant transcripts were purified as
described above and were subcloned directly into a pCR 4-TOPO
vector using the TA Cloning Kit for Sequencing (Invitrogen)
following the manufacture’s instruction. PCR was performed to
identify bacterial colonies containing appropriate inserts. Plasmid
DNA was purified using QIAfilter Plasmid Maxi Kit (Qiagen) and
the insert was sequenced using either the universal M13-primers
or the primers for PCR reactions.
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ImageAnalysis and Statistical Analysis

The results of RT-PCR were quantified using the AlphaEase
FC (Alpha Innotech, San Leandro, CA; www.alphainnotech.com)
for the integrated density of each band. The Student’s t-test
was employed using SAS software 8.0 (SAS Institute, Cary,
NC; www.sas.com). A value of Po0.05 was considered
significant and results were presented as the mean7standard
deviation (SD).

RESULTS
BRCA1andBRCA2 IntronicVariants

As a result of the clinical genetic susceptibility testing
of the 375 probands of breast/ovarian cancer-prone kindreds
followed by FRAP, we identified several low-frequency sequence
alterations in BRCA1 and BRCA2 that flanked the intron-

exon boundaries (i.e., BRCA1, c.21213A4G/IVS513A4G,
c.301-2delA/IVS6-2delA, c.44111G4A/IVS711G4A, c.5931

8A4G/IVS918A4G, c.498616T4G/IVS1616T4G, and
c.4986-20A4G/IVS16-20A4G and BRCA2, c.516-19C4
T/IVS6-19C4T, c.7976-4_7976_3delTT/IVS17-4delTT, c.84871

1G4A/IVS1911G4A, c.8487119A4G/IVS19119A4G, c.8632-
2A4G/IVS20-2A4G, and c.9256-18C4A/IVS24-18C4A).
Supplementary Table S1A (available online at www.interscience.
wiley.com/jpages/1059-7794/suppmat) lists the cancer history
status of these families, and Supplementary Table S1B shows the
number of times each alteration has been previously reported to
the BIC database. Among these alterations, BRCA1-c.59318A4G,
BRCA1-c.44111G4A, BRCA2-c.7976-4_7976_3delTT, and
BRCA2-c.8487119A4G are novel alterations and have not pre-
viously been reported. Five alterations, BRCA1-c.498616T4G,
BRCA1-c.4986-20A4G, BRCA2-c.516-19C4T, BRCA2-c.9256-
18C4A, and BRCA2-c.8632-2A4G, have been detected

FIGURE 1. Aberrant splicing associated with BRCA1-c.301-2delA/IVS6-2delA mutation. A: RT-PCR analysis by agarose gel image.
PCR samples were loaded from left to right as a DNA ladder, wild-type lymphoblastoid cells (Control) treatedwith puromycin (P(1))
and without puromycin (P(^)), mutation carrier lymphoblastoid cells treated with puromycin (P(1)) and without puromycin (P(^)),
and negative control (H2O). B: Sequencing analysis for sample from mutation carrier. BRCA1-c.301-2delA results in a 10-base
frameshift deletion at the beginning of exon 7 (NM_007295.2:c.302_311del10).C: Protein sequencing analysis.The10-bp frameshift
deletion in the cDNA creates14 new residues (101^114) and a predicted stop codon at residue115 (NP_009226.1:p.Tyr101SerfsX15).
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previously but their impact on mRNA splicing has not been
investigated.

Aberrant Splicing Analysis by RT-PCR

To evaluate the consequence of each sequence variant on
splicing, total RNA was isolated from cryopreserved lymphocyte
pellets and/or LCLs. Primers used in the PCR reaction were
designed to amplify the exon regions that are predicted to be
affected by the splice-site mutations. In addition, to prevent
potential degradation of unstable transcripts by nonsense-
mediated mRNA decay, LCLs were treated with puromycin, a
translational inhibitor, prior to RNA isolation. As shown in

Supplementary Table S1B, five of the variants lead to expression of
alternatively-spliced transcripts, while the other seven alterations
have no apparent effects on mRNA splicing. Of these sequence
variants, all but one involve the highly conserved splice donor
(GT) or splice acceptor (AG) sequence flanking the intron-
exon junction.

BRCA1-c.301-2delA has been reported to the BIC database, but

its role in mRNA splicing has not been previously studied. In our

studies, although the mutation carrier herself has no cancer, three

family members have been diagnosed with breast cancer (Supple-

mentary Fig. S1A). Analysis of cDNA products demonstrates that

this intronic deletion activates another cryptic splice site, which

FIGURE 2. Aberrant splicing associated with BRCA1-c.44111G4A/IVS711G4A. A: RT-PCR analysis by agarose gel image. PCR
samples were loaded from left to right as a DNA ladder, wild-type lymphoblastoid cells (Control) treated with puromycin (P(1)) and
without puromycin (P(^)), mutation carrier lymphoblastoid cells treated with puromycin (P(1)) and without puromycin (P(^)), and
negative control (H2O). B: Sequencing analysis for samples from wild-type and mutation carrier. The alteration BRCA1-c.4411

1G4A. leads to a 62-bp deletion at the end of exon 7 (NM_007295.2:c.380_441del62). C: Protein sequencing analysis showed that
this 62-bp frameshift deletion creates10 new residues and a predicted stop codon at residue137 (NP_009226.1:p.Ser127ThrfsX11).
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results in a 10-bp frameshift deletion at the beginning of exon 7

(c.302_311del10). This frameshift deletion then results in the

addition of 14 new residues (101–114) and a premature stop codon

at residue 115 (p.Tyr101SerfsX15) (Fig. 1A–C). Because of only

10-bp differences between the wild-type and mutant bands, it is

difficult to distinguish the wild-type and mutant bands. Therefore,

the abundance of each was estimated by the peak strength in the

sequence electropherograms, and the aberrant transcripts were more

abundant in the puromycin treated vs. the untreated LCLs (Fig. 1B).
BRCA1-c.44111G4A to our knowledge has not previously

been reported. This alteration is detected in a proband diagnosed
with breast cancer at 34 and 43 (Supplementary Fig. S1B).

TABLE 1. Ratio ofmRNAExpressionof theAberrant SplicedAlleles to theWild-TypeAlleles in LCLsTreatedWith orWithoutPuromycin

BRCA1 BRCA2

C.301-2delAa/
IVS6-2delAb

c.44111G4A/
IVS711G4A

c.4986T4G/
IVS1616T4G

c.848711G4A/
IVS1911G4A

c.8632-2A4G/
IVS20-2A4G

Nontreated70.05d ^c 0.3570.08 0.2970.08 1.9670.56 0.7270.02/0.54
Treated70.15 ^ 0.6970.06 0.5970.10 1.9770.56 0.9670.13/1.00
P-value ^ 0.03 0.03 NS 0.05/0.005

aRefSeqs (GenBank accession no. NM_007295.2 and NM_000059.1) are used for BRCA1 and BRCA2 numbering, respectively, and theA of the ATG
translation initiation codon is 11, according to approved guidelines (www.hgvs.org/mutnomen).
bTraditional nomenclature used in BIC database, based on RefSeqs (GenBank accession no. U14680 andU43746) for BRCA1 andBRCA2 numbering,
respectively.
cBecause of10-bp di¡erences between the wild-type andmutant bands, the density was not able to be quanti¢ed.
dIt represents the ratios of two aberrant spliced alleles to thewild-type alleles, NM_000059.1:c.[8632-1356_8632-1264ins;8633_8675del] (upper band
in Fig.5A) andNM_000059.1:c.8633_8675del (lower band in Fig.5A), respectively.

FIGURE 3. Aberrant splicing associated with BRCA1-c.498616T4G/IVS1616T4G. A: RT-PCR analysis by agarose gel image. PCR
samples were loaded from left to right as a DNA ladder, wild-type lymphoblastoid cells (Control) treated with puromycin (P(1)) and
without puromycin (P(^)), mutation carrier lymphoblastoid cells treated with puromycin (P(1)) and without puromycin (P(^)), and
negative control (H2O). B: Sequencing analysis for samples from mutation carrier following subcloning into pCR4-TOPO. This
alteration leads a 65-base insertion from intron 16 (NM_007295.2:c.491611_4916165ins65). C: Protein sequencing analysis
indicate this 65-bp insertion creates a predicted stop codon at residue1676 (NP_009226.1:p.Met1663ValfsX14).
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The inheritance of this mutation is unclear, since both the
maternal and paternal side of the family report breast or ovarian
cancer and no other samples were available from this kindred.
Analysis of mRNA from the lymphocytes of this individual by RT-
PCR showed that this alteration results in a 62-base deletion
within exon 7 (c.380_441del62) (Fig. 2A–C). This frameshift is
predicted to result in the addition of 10 amino acid residues
and premature termination of translation at residue 137
(p.Ser127ThrfsX11) (Fig. 2C). The aberrant transcript is pre-
sented in both puromycin treated and untreated LCLs. However,
the mRNA expression ratios of mutant alleles to wild-type alleles
are approximately 0.4:1 and 0.7:1 in puromycin untreated and
treated LCLs, respectively (Po0.03) (Fig. 2A; Table 1).

BRCA1-c.498616T4G has been reported previously, but has
not been functionally characterized. The proband was diagnosed
with ovarian cancer at age of 62, and reported a strong family
history of breast and ovarian cancer (Supplementary
Fig. S1C). We performed RT-PCR to amplify the region from
exon 17 to 22 using RNA samples isolated from peripheral
lymphocytes of the alteration carrier and cancer-free controls and
demonstrated that this alteration leads to an aberrant BRCA1
transcript, which incorporates 65 bases of intron 16 sequence,
immediately following exon 16 (c.491611_4916165ins65)
(Fig. 3A–C). Sequence analysis indicates the mutation results in
the activation of a cryptic splice site at g.38,476,405 (GenBank
accession no. NC_000017.9). This 65-base insertion is predicted

to create a stop codon at residue 1676, plus 13 additional residues
encoded by the inserted sequence (p.Met1663ValfsX14). The
mRNA expression ratios of mutant alleles to wild-type alleles are
approximately 0.3:1 and 0.6:1 in puromycin untreated and treated
LCLs, respectively (Po0.03) (Fig. 3A; Table 1).

BRCA2-c.848711G4A has been previously reported to the
BIC database. For this family, the proband was diagnosed with
invasive breast cancer at age 41, and she reported two paternal
aunts and a paternal grandmother with breast cancer (Supple-
mentary Fig. S1D). RT-PCR analysis of RNA from the proband’s
peripheral lymphocytes found that exon 19 (156 bp) was deleted
(c.8332_8487del156), resulting in an in-frame deletion of 52
amino acids (p.Ile2778_Gln2829del52) (Fig. 4A and B). Interest-
ingly, the level of the mutant BRCA2 transcript appears to be
much more abundant than the wild-type transcript. The mRNA
expression ratios of mutant alleles to wild-type alleles are almost
identical (1.96:1 vs. 1.97:1) in puromycin untreated and treated
LCLs, respectively (Fig. 4A; Table 1).

BRCA2-c.8632-2A4G has been reported one time previously
to BIC. The proband in this family was diagnosed with ovarian
cancer at age 39 and reported two sisters with breast cancer at
34 and 35 years of age (Supplementary Fig. S1E). As before, we
used RT-PCR to amplify the region from exon 19 to 22. We found
that the BRCA2-c.8632-2A4G mutation leads to two splicing
variants, a 43-bp deletion at the beginning of exon
21 (c.8633_8675del43) or a 93-bp insertion from intron 20 in

FIGURE 4. Aberrant splicing associated with BRCA2-c.848711G4A/IVS1911G4A. A: RT-PCR analysis by agarose gel image. PCR
samples were loaded from left to right as a DNA ladder, wild-type lymphoblastoid cells (Control) treated with puromycin (P(1))
and without puromycin (P(^)), mutation carrier lymphoblastoid cells treated with puromycin (P(1)) and without puromycin (P(^)),
andnegativecontrol (H2O).B: Sequencinganalysis for samples fromwild-typeandmutationcarrier by subcloning.BRCA2-c.84871
1G4A allele skips exon19 (NM_ 000059.1:c.8332_8487del156).
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FIGURE 5. Aberrant splicing associated with BRCA2-c.8632^2A4G/IVS20^2A4G. A: RT-PCR analysis by agarose gel image. PCR
samples were loaded from left to right as a DNA ladder, wild-type lymphoblastoid cells (Control) treated with puromycin (P(1)) and
without puromycin (P(^)), mutation carrier lymphoblastoid cells treated with puromycin (P(1)) and without puromycin (P(^)), and
negative control (H2O). B: Sequencing analysis for samples from mutation carrier by subcloning. The alteration of BRCA2-
c.8632^2A4G leads to either the 93-bp insertion from intron 20 and the 43-bp deletion of exon 21 (NM_ 000059.1:c.[8632-
1356_8632-1264ins93; 8633_8675del43]), or the 43-bp deletion at the beginning of exon 21 (NM_ 000059.1:c.8633_8675del43).
C: Protein sequencing analysis indicates that BRCA2-c.8632-2A4G causes two distinct BRCA2 truncated proteins,
NP_000050.1:p.Glu2878ValfsX18 and p.Glu2878AspfsX17. D: Schematics for aberrant splicing caused by mutation BRCA2-
c.8632^2A4G.
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combination with the 43-bp deletion of exon 21 (c.[8632-
1356_8632-1264ins93; 8633_8675del43], GenBank Accession
No: NC_000013.9 and NM_000059.1), which are both predicted
to lead to truncated proteins, p.Glu2878ValfsX18 and
p.Glu2878AspfsX17, respectively (Fig. 5A–D). The mRNA
expression ratios of mutant alleles to wild-type alleles (c.[8632-
1356_8632-1264ins93; 8633_8675del43], i.e., upper band) is
approximately 0.7:1 and 1:1 in puromycin untreated and treated
LCLs, respectively (Po0.05). The mRNA expression ratio of
mutant alleles to wild-type alleles (c.8633_8675del43, i.e., lower
band) is 0.5:1 and 1:1 in puromycin untreated and treated LCLs,
respectively (Po0.005) (Fig. 5A; Table 1).

DISCUSSION

Since BRCA1 and BRCA2 were cloned and characterized
in the mid-1990s [Frank et al., 2002; Miki et al., 1994; Wooster
et al., 1995], hundreds of different sequence variants in each of
these genes have been detected, including a large number of
the intronic variants. We characterized the potential patho-
logical significance of 6 BRCA1 and 6 BRCA2 intronic alterations
at the mRNA level. All of the sequence alterations are located
within or near consensus splicing sites. We detected aberrantly
spliced transcripts for three of the BRCA1 variants (c.301-2delA,
c.44111G4A/IVS711G4A, and c.498616T4G) and two
of the BRCA2 variants (c.848711G4A and c.8632-2A4G).
The other BRCA1 and BRCA2 variants show no effects on
RNA splicing.

In our efforts to classify BRCA1 and BRCA2 variant transcripts,
we found that treatment of LCLs with puromycin helped facilitate
the analysis of the mutant transcripts. Because of potential
degradation of unstable transcripts by mRNA NMD [Losson and
Lacroute, 1979; Perrin-Vidoz et al., 2002], the aberrant transcripts
identified in the LCLs treated with puromycin may be considerably
less abundant or even absent in the nontreated LCLs and
peripheral lymphocytes. Except for the aberrant transcripts
associated with the BRCA2-c.848711G4A, the other aberrant
transcripts identified in our study are weakly expressed (BRCA1-
c.301-2delA, BRCA1-c.44111G4A, BRCA1-c.498616T4G,
and BRCA2-c.8632-2A4G) in comparison to the wild-type
transcripts (Table 1). The common characteristics shared by these
four alterations are that they all result in a frameshift in the
translational reading frame and a PTC. In comparison, BRCA2-
c.848711G4A is predicted to result in a 52-amino acid in-frame
deletion that does not cause a PTC (Fig. 4A and B). Furthermore,
we examine the NMD rule—‘‘PTCs before �50–55-bp of the end
of the penultimate exon initiate NMD’’—and all the PTCs
containing alleles in our studies comply with this 50–55 nucleotide
rule (data not shown). These results suggest that the mutated
BRCA1 and BRCA2 transcripts that create premature stop codons
are less stable. Therefore, BRCA1 and BRCA2 aberrant transcripts
eliminated by NMD could result in downregulating the overall
level of both mRNA and protein of BRCA1 and BRCA2. Loss of
BRCA1 expression has been reported to be related to the
pathogenesis of breast cancer [Thompson et al., 1995; Wilson
et al., 1999; Zheng et al., 2000; Wei et al., 2005].

In conclusion, our study has evaluated several BRCA1 and
BRCA2 variants located within or near intron-exon boundaries.
Seven of them have no apparent impact on the mRNA splicing
process, four cause frameshift mutation, and one resulted in an
in-frame deletion. These studies help to confirm whether
alterations in BRCA1 and BRCA2 are likely to be benign
polymorphisms or pathogenic mutations. As our study is

fundamentally based on the analysis of mRNA transcripts, it will
be helpful to carry out further research at the protein level since
many of the mutant alleles could be reduced in expression relative
to wild-type indicating that loss of BRCA1 or BRCA2 protein may
contribute to the pathogenesis of breast and/or ovarian cancer
rather than expression of a defective protein.
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434 HUMANMUTATION 27(5),427^435,2006

Human Mutation DOI 10.1002/humu



BA, Gayther SA, Zelada-Hedman M. 1998. Genetic hetero-
geneity and penetrance analysis of the BRCA1 and BRCA2
genes in breast cancer families. Am J Hum Genet 62:676–689.

Frank TS, Manley SA, Olopade OI, Cummings S, Garber JE,
Bernhardt B, Antman K, Russo D, Wood ME, Mullineau L,
Isaacs C, Peshkin B, Buys S, Venne V, Rowley PT, Loader S, Offit
K, Robson M, Hampel H, Brener D, Winer EP, Clark S, Weber B,
Strong LC, Thomas A. 1998. Sequence analysis of BRCA1 and
BRCA2: correlation of mutations with family history and
ovarian cancer risk. J Clin Oncol 16:2417–2425.

Frank TS, Deffenbaugh AM, Reid JE, Hulick M, Ward BE,
Lingenfelter B, Gumpper KL, Scholl T, Tavtigian SV, Pruss DR,
Critchfield GC. 2002. Clinical characteristics of individuals with
germline mutations in BRCA1 and BRCA2: analysis of 10,000
individuals. J Clin Oncol 20:1480–1490.

Frischmeyer PA, Dietz HC. 1999. Nonsense-mediated mRNA
decay in health and disease. Hum Mol Genet 8:1893–1900.

Keaton JC, Nielsen DR, Hendrickson BC, Pyne MT, Scheuer L,
Ward BE, Brothman AR, Scholl T. 2003. A biochemical analysis
demonstrates that the BRCA1 intronic variant IVS10–2A4C is
a mutation. J Hum Genet 48:399–403.

King MC, Marks JH, Mandell JB. 2003. Breast and ovarian cancer
risks due to inherited mutations in BRCA1 and BRCA2.
Science 302:643–646.

Krawczak M, Reiss J, Cooper DN. 1992. The mutational spectrum
of single base-pair substitutions in mRNA splice junctions of
human genes: causes and consequences. Hum Genet 90:41–54.

Kulinski J, Besack D, Oleykowski CA, Godwin AK, Yeung AT.
2000. CEL I enzymatic mutation detection assay. Biotechniques
29:44–46, 48.

Laskie Ostrow K, DiCioccio RA, McGuire V, Whittemore AS.
2001. A BRCA1 variant, IVS2311G4A, causes abnormal
RNA splicing by deleting exon 23. Cancer Genet Cytogenet
127:188–190.

Losson R, Lacroute F. 1979. Interference of nonsense mutations
with eukaryotic messenger RNA stability. Proc Natl Acad Sci
USA 76:5134–5137.

Malone KE, Daling JR, Neal C, Suter NM, O ’Brien C, Cushing-
Haugen K, Jonasdottir TJ, Thompson JD, Ostrander EA. 2000.
Frequency of BRCA1/BRCA2 mutations in a population-
based sample of young breast carcinoma cases. Cancer 88:
1393–1402.

Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K,
Tavtigian S, Liu Q, Cochran C, Bennett LM, Ding W, Bell R,
Rosenthal J, Hussey C, Tran T, McClure M, Frye C, Hattier T,
Phelps R, Haugen-Strano A, Katcher H, Yakumo K, Gholami Z,
Shaffer D, Stone S, Bayer S, Wray C, Bogden R, Dayananth P,
Ward J, Tonin P, Narod S, Bristow PK, Norris FH, Helvering L,
Morrison P, Rosteck P, Lai M, Barrett JC, Lewis C, Neuhausen S,
Cannon-Albright L, Goldgar D, Wiseman R, Kamb A,
Skolnick MH. 1994. A strong candidate for the breast and
ovarian cancer susceptibility gene BRCA1. Science 266:66–71.

Nomura S, Sugano K, Kashiwabara H, Taniguchi T, Fukayama N,
Fujita S, Akasu T, Moriya Y, Ohhigashi S, Kakizoe T, Sekiya T.
2000. Enhanced detection of deleterious and other germline
mutations of hMSH2 and hMLH1 in Japanese hereditary
nonpolyposis colorectal cancer kindreds. Biochem Biophys Res
Commun 271:120–129.

Oleykowski CA, Bronson Mullins CR, Godwin AK, Yeung AT.
1998. Mutation detection using a novel plant endonuclease.
Nucleic Acids Res 26:4597–4602.

Perrin-Vidoz L, Sinilnikova OM, Stoppa-Lyonnet D, Lenoir GM,
Mazoyer S. 2002. The nonsense-mediated mRNA decay path-
way triggers degradation of most BRCA1 mRNAs bearing
premature termination codons. Hum Mol Genet 11:2805–2814.

Pyne MT, Brothman AR, Ward B, Pruss D, Hendrickson BC,
Scholl T. 2000. The BRCA2 genetic variant IVS712T4G is a
mutation. J Hum Genet 45:351–357.

Scholl T, Pyne MT, Russo D, Ward BE. 1999. BRCA1 IVS161

6T4C is a deleterious mutation that creates an aberrant
transcript by activating a cryptic splice donor site. Am J Med
Genet 85:113–116.

Shattuck-Eidens D, Oliphant A, McClure M, McBride C, Gupte J,
Rubano T, Pruss D, Tavtigian SV, Teng DH, Adey N, Staebell M,
Gumpper K, Lundstrom R, Hulick M, Kelly M, Holmen J,
Lingenfelter B, Manley S, Fujimura F, Luce M, Ward B,
Cannon-Albright L, Steele L, Offit K, Thomas A. 1997.
BRCA1 sequence analysis in women at high risk for suscept-
ibility mutations. Risk factor analysis and implications for
genetic testing. JAMA 278:1242–1250.

Thompson ME, Jensen RA, Obermiller PS, Page DL, Holt JT.
1995. Decreased expression of BRCA1 accelerates growth and
is often present during sporadic breast cancer progression.
Nat Genet 9:444–450.

Wei M, Grushko TA, Dignam J, Hagos F, Nanda R, Sveen L, Xu J,
Fackenthal J, Tretiakova M, Das S, Olopade OI. 2005. BRCA1
promoter methylation in sporadic breast cancer is associated
with reduced BRCA1 copy number and chromosome 17
aneusomy. Cancer Res 65:10692–10699.

Weischenfeldt J, Lykke-Andersen J, Porse B. 2005. Messenger
RNA surveillance: neutralizing natural nonsense. Curr Biol 15:
R559–R562.

Wilson CA, Ramos L, Villasenor MR, Anders KH, Press MF,
Clarke K, Karlan B, Chen JJ, Scully R, Livingston D, Zuch RH,
Kanter MH, Cohen S, Calzone FJ, Slamon DJ. 1999. Localiza-
tion of human BRCA1 and its loss in high-grade, non-inherited
breast carcinomas. Nat Genet 21:236–240.

Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J,
Collins N, Gregory S, Gumbs C, Micklem G. 1995. Identification
of the breast cancer susceptibility gene BRCA2. Nature 378:
789–792.

Zheng W, Luo F, Lu JJ, Baltayan A, Press MF, Zhang ZF, Pike MC.
2000. Reduction of BRCA1 expression in sporadic ovarian
cancer. Gynecol Oncol 76:294–300.

HUMANMUTATION 27(5),427^435,2006 435

Human Mutation DOI 10.1002/humu






















