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uclear Localization Signals of the BRCA2 Protein
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BRCA2 is involved in the repair of DNA double-strand
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BRCA2 is a tumor suppressor gene whose germline
utations increase the lifetime risk of breast cancer.
RCA2 encodes a large nuclear protein involved in
NA repair, but the location of its functional domain
as been unclear. Here, we report nuclear localization
ignals (NLSs) of the BRCA2 protein. By expressing
arious portions of the BRCA2 protein tagged with
nhanced green fluorescent protein in HeLa cells, we
how that the C-terminal domain is necessary for nu-
lear localization. Two regions in the C-terminal
omain were identified with functional NLSs by
ite-directed mutagenesis analyses. The NLSs locate
etween the germline mutation found in the most
ownstream position and the polymorphic stop codon,
uggesting that defects in the proper nuclear trans-
ort of the BRCA2 protein are causative of carcinogen-
sis. Our data thus provide a possible explanation for
he high frequency of frame-shift and nonsense muta-
ions in BRCA2 of hereditary breast cancer patients.
2000 Academic Press

BRCA2 is a breast cancer susceptibility gene whose
ermline mutations can lead to high lifetime risk of
reast cancer in both females and males (1, 2). More
han 100 independent germline mutations in BRCA2
ave been reported in families with a high incidence of
reast cancer (2). Most of these mutations are frame-
hift or nonsense mutations that result in premature
ermination of translation (2). The BRCA2 gene en-
odes a 3418-amino acid protein (1) containing eight
hort repetitive sequences, termed BRC repeats (3),
hat interact with the Rad51 protein encoded by a
ukaryotic homolog of the recA gene of Escherichia coli
4). Upon DNA damage, the BRCA2 protein coexists
ith the Rad51 and BRCA1 proteins as nuclear foci (5).
argeted disruption of BRCA2 in mice has been re-
orted to result in hypersensitivity to ionizing radia-
ion and frequent abnormalities of chromosomes
6). Taken together, these observations indicate that

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 181-3-5394-4035. E-mail: yosmiki@ims.u-tokyo.ac.jp.
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reaks and plays an important role in the maintenance
f genomic integrity (7).
Although information on the structure-function rela-

ionship of the BRCA2 protein is important to under-
tand the molecular basis of BRCA2-associated carci-
ogenesis, no distinct functional domains, except the
RC repeats, have yet been defined. One reason for

his is that the BRCA2 protein has no significant se-
uence similarity to any other known proteins, and
nother is that the protein’s unusually large size
ampers the biochemical analysis of its biological func-
ion (1).

Recently, several groups have reported that the
RCA2 protein is localized in the nucleus, which loca-

ion is consistent with its role in DNA repair (8, 9). The
ransport of proteins into organella is a strictly regu-
ated process, and proteins destined for the nucleus
arry specific amino acid sequences for nuclear import
nown as nuclear localization signals (NLSs) (10). In
his study, we searched for NLSs of the BRCA2 pro-
ein. By expressing various portions of the BRCA2
rotein tagged with enhanced green fluorescent pro-
ein (EGFP), we identified NLSs in the C-terminal
omain of the BRCA2 protein. We then demonstrated
hat bacterial b-galactosidase fused to the NLS region
f the BRCA2 protein could enter the nucleus. Finally,
e proposed that disruption of proper subcellular dis-

ribution may be closely related to BRCA2-associated
arcinogenesis.

ATERIALS AND METHODS

Plasmid constructions. Various portions of the BRCA2 cDNA
ere introduced into the multicloning sites of the pEGFP vectors

Clonetech, California). Site-directed mutageneses of the plasmids
ere performed by using a QuickChange mutagenesis kit (Strat-
gene, California) according to the supplier’s protocol. To construct
he plasmid expressing a bacterial b-galactosidase fused to NLS, the
egion of BRCA2 cDNA corresponding to amino acids 3258 to 3319
as amplified by PCR and inserted into pcDNA3.1HisB-lacZ (In-
itrogen, Netherlands) at the BsiWI site. The integrities of all plas-
ids were confirmed by sequencing.

Cell culture and transient tranfections. HeLa cells were main-
ained in Dulbecco’s modified Eagle’s medium supplemented with
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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0% fetal bovine serum. For transfections, cells were grown on cul-
ure slides (Becton Dickinson, New Jersey) to subconfluency. Trans-
ection was performed by using the TransIT lipofection reagent ac-
ording to the manufacturer’s instructions (Mirus, Wisconsin). After
hr, the cells were washed once with PBS, and cultured in fresh
edium for 24 hr. The transfected cells were washed twice with PBS,
xed with 4% paraformaldehyde, and then subjected to fluorescent
icroscopy.

Observation of subcellular distributions of fusion proteins. Sub-
ellular distributions of EGFP-BRCA2 fusion proteins were observed
irectly under an Axioplan-2 microscope (Carl Zeiss, Germany)
quipped with a Quips Smart Capture System (Vysis, Illinois). Lo-
alization of b-galactosidase-NLS fusion protein was detected by
mmunofluorescent microscopy (11). Briefly, transfected cells were
xed as above and permealized with 0.2% Triton X in PBS for 5 min.
he permealized cells were blocked with 2% bovine serum albumin

n PBS for 30 min, and then reacted with anti-Xpress antibody (2
g/ml; Invitrogen) for 1 hr. After washing three times with PBS
ontaining 0.05% Tween 20, the cells were incubated with anti-
ouse IgG coupled to fluorescein isothiocyanate (Santa Cruz, Cali-

ornia) for 30 min. After a final five washings with PBS containing
.05% Tween 20, fluorescence was observed as described above.

ESULTS

To identify the NLS in the BRCA2 protein, we con-
tructed a series of plasmids that expressed the vari-
us portions of the BRCA2 protein fused to EGFP (Fig.
A). These fusion proteins were transiently expressed
n the HeLa cell, and their subcellular distribution was

FIG. 1. Identification of a domain in the BRCA2 protein req
GFP-BRCA2 fusion proteins. Various portions of the BRCA2 cDNA
roteins under the control of CMV promoter. Each fusion protein c
-3418; a and b, 1-815; c, 1-1761; d, 1596-2940; e, 2126-3418. (B) Su
ell. The EGFP-BRCA2 fusion proteins were expressed transiently in
y an Axioplan2 microscope (Zeiss) equipped with a Quips Smart C
172
bserved by fluorescent microscopy. As shown in Fig.
B, the N-terminal and central domains of the BRCA2
rotein fused to EGFP were dispersed throughout the
ytoplasm and nucleus. On the other hand, the fusion
rotein of the C-terminal domain of the BRCA2 protein
Fig. 1B, panel e) was able to enter nucleus, demon-
trating that this domain should contain NLSs.
In the amino acid sequence of this C-terminal region,
e found short arrays of basic amino acids homologous

o a classic basic NLS at four positions (Fig. 2A). To
xamine whether these sequences are required for nu-
lear localization, we carried out a site-directed mu-
agenesis of each basic sequence. As shown in Fig. 2A,
wo EGFP-BRCA2 fusion proteins carrying mutations
f KK2946NQ and KR3383NG, respectively, were
ound to localize predominantly in the nucleus, indicat-
ng that these regions are not necessary for nuclear
ocalization. In contrast, significant impairment of the
uclear localization was observed with EGFP-BRCA2
roteins carrying the mutations of KR3267NG and
K3314NQ, respectively (Fig. 2A, panels c and d).
hen both basic sequences are disrupted (KR3267NG

nd KK3314NQ), the cytoplasmic distribution of the
utant protein was significantly enhanced (Fig. 2A,

anel f ). This result indicated that the arrays of basic
mino acids in these two proximal positions are indis-

ed for nuclear localization. (A) Schematic representation of the
ere cloned into pEGFP vectors to express the EGFP-BRCA2 fusion
ains a fragment of the BRCA2 protein as follows: FL, amino acids
llular distribution of the EGFP-BRCA2 fusion proteins in the HeLa
HeLa cell. Fluorescence of the fusion proteins was directly observed

ure System (Vysis). Representative micrographs are shown.
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ensable for the nuclear localization of the BRCA2
rotein.
We then examined whether these basic sequences

unction as NLSs. A plasmid carrying Escherichia coli
acZ fused to the short region for the two basic arrays
f the BRCA2 protein was transfected to the HeLa
ells, and intracellular distribution of the fusion pro-
ein was observed by immunofluorescent microscopy.
s shown in Fig. 2B, the b-galactosidase fused to the
asic regions (amino acids 3258 to 3319) entered into
he nucleus, while the b-galactosidase alone was dis-
ributed largely in cytoplasm. This result indicates
hat the basic amino acids in the C-terminal region of
he BRCA2 protein constitute functional NLSs.

Many germline mutations have been reported
hroughout the coding region of the BRCA2 gene in
amilies with a high incidence of breast cancer. Inter-
stingly, most of these mutations are insertion, dele-
ion or nonsense mutations that invariably lead to
runcation of the C-terminal region of the BRCA2 pro-
ein (2). The germline mutation mapped at the most
ownstream position in the BRCA2 gene is a deletion

FIG. 2. Identification of the NLSs in the C-terminal domain of
rrays in the C-terminal domain of the BRCA2 protein. The plasm
ite-directed mutagenesis performed with a QuickChange mutagene
ere observed as in Fig. 1. (B) The region containing two short
-galactosidase into the nucleus. The Xpress-tagged b-galactosida
press-tagged b-galactosidase alone (left) were expressed in the H

mmunofluorescent microscopy with anti-Xpress antibody.
173
t nucleotide 9808 that introduces a premature termi-
ation at codon 3195 (12). A polymorphic stop codon
as also been reported at codon 3326 (13), implying
hat the domain from codons 3195 to 3326 carries a
unction critical for tumor suppression. It is notewor-
hy that the NLSs identified in this study locates be-
ween the germline mutation at the most downstream
osition and the polymorphic stop codon (Fig. 3).

ISCUSSION

BRCA2 is a tumor suppressor gene that encodes a
arge protein involved in the maintenance of genomic
ntegrity through repair of DNA double strand breaks
2, 7). Dysfunction of BRCA2 is believed to increase the
ifetime risk of breast cancer, although the molecular

echanism underlying this relation remains unclear.
n an attempt to define the functional domain, we here
etermined the region required for the nuclear local-
zation of the BRCA2 protein. We demonstrated that
wo short arrays of basic amino acids were indispens-
ble for the nuclear localization, and that the bacterial

BRCA2 protein. (A) Site-directed mutagenesis of basic amino acid
e shown in Fig. 1 (A) (amino acids 2126–3418) was subjected to
kit (Stratagene). Subcellular localizations of the mutated proteins

rays of basic amino acids is sufficient to transport the bacterial
fused to the basic regions of the BRCA2 protein (right) and the
a cells. Subcellular distribution of the proteins was observed by
the
id
sis
ar

se
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-galactosidase fused to these basic regions entered the
ucleus, indicating that the basic regions function as
LSs. Site-directed mutagenesis experiments revealed

hat disruption of one of the two basic regions reduced
he nuclear localization of the EGFP-BRCA2 protein.
isruption of both the basic regions significantly en-
anced the cytoplasmic distribution of the mutant pro-
ein. Many nuclear proteins contain a monopartite
LS that is a simple array of several basic amino acids,
hile others have a bipartite NLS consisting of two
rrays of basic amino acids separated by spacer se-
uences (10). At present, more detailed experiments
re required to examine whether two arrays of basic
mino acids function as two independent monopartite
LSs or cooperatively as a single bipartite NLS.
In this study, we also found that the NLSs locate on

he region critical for tumor suppression of the BRCA2
rotein. Many germline mutations have been mapped
hrough the coding region of the BRCA2 gene (2). Most
f these germline mutations are nonsense mutations or
rameshifts that generate premature termination
odons (2). The germline mutation at the most down-
tream position is a deletion at nucleotide 9808 that
ntroduces premature termination at codon 3195 (12).
t codon 3326, a polymorphic stop codon not associated
ith family history of breast cancer has been reported

13). We mapped the NLSs between the most down-
tream germline mutation in the family with high in-
idence of breast cancer and the polymorphic stop
odon, and this mapping indicated that the products of
ost of the mutated BRCA2 genes lack the NLS. In

eneral, protein transport across the nuclear pore is a
ighly regulated process (10), and mislocalization is
hought to impair the normal function of nuclear pro-
eins (10, 14). We therefore hypothesize that the mis-
ocalization of the mutated BRCA2 protein lacking the
LSs results in deficient maintenance of the genomic

ntegrity, leading to the increased risk of breast cancer.
ur data provides a possible explanation for the
igh frequency of frame-shift type and nonsense mu-
ations in the BRCA2 gene of hereditary breast cancer
atients.
During the preparation of this manuscript, Spain et

l. reported a similar study on the NLS of the BRCA2
rotein, demonstrating that the C-terminal region is
equired for the nuclear transport (15). Spain et al. also

FIG. 3. The NLSs of the BRCA2 protein are mapped on the C-term
chematically. The germline mutation closest to the C-terminus a
utations in BRCA2 have been reported throughout the coding sequ

s associated with family history of breast cancer. The polymorphic ter
istory of breast cancer. Positions of the NLSs are also indicated.
174
dentified two NLSs in the C-terminal domain of the
RCA2 protein. One NLS is present at codon 3266,
onsistent with our present findings. The other NLS,
owever, is at codon 3381, while the basic sequence at
odon 3311, in our hand, is indispensable for efficient
uclear localization. Although at present we do not
now the reason for this discrepancy, we imagine that
t might reflect the difference in the experimental sys-
ems, e.g., the cell lines, studied. And again, despite
his discrepancy, we point out that the first NLS (at
odon 3266) is important for nuclear transport both in
ur experimental system and that of Spain et al. (15).
oreover, there is fairly general agreement that the
LS of the BRCA2 protein locates in the region down-

tream the most C-terminal germline mutation which
s associated with family history of breast cancer.

In conclusion, we identified the NLSs that were
apped in the C-terminal region critical for tumor

uppression, while further investigation will be re-
uired to elucidate the molecular mechanism of
RCA2-associated carcinogenesis.
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