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Germ-line mutations of the BRCA2 tumor suppressor gene greatly
increase the risk of developing breast and ovarian cancers. Here,
we show that wild-type BRCA2, but not a tumor-specific truncated
mutant BRCA2, synergizes with the nuclear receptor coactivator
p160 GRIP1 to enhance transcriptional activation by androgen
receptor (AR). BRCA2 not only associates with AR and GRIP1 but
also cooperates with both the histone acetyltransferase P�CAF and
BRCA1 to enhance AR- and GRIP1-mediated transactivation. As
such, BRCA2 can exert its tumor suppressor function, in part, by
modulating androgen signaling, which has been shown to be
antiproliferative in a subset of breast cancer cells and particularly
implicated in male breast tumors.

Inherited mutations of the BRCA2 tumor susceptibility gene
greatly increase the risk of acquiring familial breast and�or

ovarian cancers for women and also account for an increased risk
of breast cancer in men (1). The BRCA2 gene encodes a
3,418-aa-long nuclear protein with no sequence homology to any
other known proteins (2). The phenotype of BRCA2-deficient
cells as well as the physical and functional interaction between
BRCA2 and the Rad51 recombinase indicate that one of the
tumor suppressor functions of BRCA2 is linked to recombina-
tion-mediated DNA repair. Furthermore, BRCA2 has also been
implicated in cell cycle control (3).

The mechanisms by which BRCA2 participates in these es-
sential biological processes have remained elusive. How muta-
tion of BRCA2, which is widely expressed in different tissues,
leads predominantly to tumors of the breast and ovary, two
steroid hormone-dependent tissues, is even more enigmatic.
Interestingly, the gene encoding AIB1�pCIP�ACTR, a coacti-
vator for steroid hormone receptors, has been implicated as a
risk-modifying gene for BRCA1- and BRCA2-associated breast
cancers (4). One steroid hormone receptor, the androgen re-
ceptor (AR), is expressed in a large proportion of primary breast
cancers. In addition, androgen signaling inhibits the growth of
some breast cancer cells (5–8), and germ-line mutations of the
AR gene have been linked with male breast cancer (9–11).
Therefore, we speculated that BRCA2 might be a coactivator for
AR and thereby potentiates AR-mediated antiproliferative sig-
nals, which may be a novel facet of BRCA2’s tumor suppressor
function.

Methods
Plasmids. CR3-BRCA1 and pSG5-AR were obtained from B.
Weber (University of Pennsylvania, Philadelphia) and B. Peeters
(University of Leuven, Leuven, Belgium), respectively. Mouse
mammary tumor virus-luciferase (pMMTV-Luc) reporter, pCMX-
P�CAF, and pCMX-GRIP1 were from R. Evans (Salk Institute, La
Jolla, CA). pAR-DEF was from S. Kato (University of Tokyo,
Tokyo). pSG5.HA-GRIP1 (5–1,462, full length), pSG5.HA-
GRIP1�AD1 (full-length GRIP1 with amino acid 1,057–1,109
deleted), pSG5.HA-GRIP1�AD2 (GRIP1 5–1,121), and
pSG5.HA-GRIP1�AD1��AD2 were gifts from M. Stallcup (Uni-
versity of Southern California, Los Angeles). MG-BRCA2 was
described (12). Mutant MG-BRCA2L1042stop was created by
site-directed mutagenesis of the BRCA2 cDNA of MG-BRCA2.
FlagAR (1–919, full length) was constructed by lifting the BamHI

AR fragment out of pSG5-AR and insertion into the BamHI site
of pCMV2Flag vector (Sigma). FlagAR�AB (1–556) was con-
structed by lifting the 1.7-kb HindIII fragment out of FlagAR and
insertion into the HindIII site of pCMV2Flag. FlagAR�DEF
(632–918) was constructed by lifting the BamHI (blunt-ended)–
XbaI fragment out of pAR-DEF and insertion into the EcoRV-
XbaI sites of pCMV2Flag. To make FlagAR�C(D) (552–646) and
FlagAR�(D)EF (650–919), a PCR amplicon with flanking in-
frame EcoRI–BamHI sites and ClaI–XbaI sites was introduced into
the corresponding sites of pCMV2Flag vector, respectively.

Transfection and Luciferase Assays. Human embryonal kidney
293T or 293 cells were transfected by using FuGENE6 (Roche)
according to the manufacturer’s recommendation. Where indi-
cated, transfections were done according to the modified calcium
phosphate coprecipitation method (13). Twelve to sixteen hours
after transfection, medium was changed to DMEM containing
10% charcoal-dextran stripped FBS (HyClone) with or without
10�6 M 5�-dihydrotestosterone (DHT). After another 48 h, cells
were harvested for luciferase assays, immunoprecipitation,
and�or Western blot analysis. Luciferase assays were performed
employing the Luciferase assay kit (Promega).

Coimmunoprecipitation Assays. To prepare total cell lysates, cells
were washed with PBS and then lysed in 50 mM Tris�HCl (pH
8)�170 mM NaCl�0.5% Nonidet P-40�50 mM NaF containing
complete protease inhibitors (Roche) at 4°C. The cell lysates
were clarified by centrifugation at 15,000 � g for 5 min. For
immunoprecipitation, total cell lysates were precleared for �1 h
by incubation with protein G-Sepharose (Amersham Bio-
sciences). Then, supernatants were incubated for �4 h with
anti-Flag (M2, Sigma) or anti-hemagglutinin (HA) (12CA5,
Roche) primary antibodies as well as protein G-Sepharose beads
at 4°C. Finally, these were washed four times with 10 mM
Tris�HCl, pH 8�250 mM NaCl�5 mM EDTA�0.5% Nonidet P-40
containing complete protease inhibitors.

Western Blot Analyses. Proteins were separated on 3–8% poly-
acrylamide�Tris-acetate gels with Tris-acetate-SDS buffer or
4–12% polyacrylamide�Bis-Tris gels with Mops-SDS buffer
according to the manufacturer’s instructions (Invitrogen). Pro-
teins were transferred to poly(vinylidene difluoride) (PVDF)
membranes (Immobilon-P, Millipore), which were blocked in
PBS containing 0.2% Tween 20 and 5% nonfat dry milk.
Membranes were hybridized with anti-AR (N-20, Santa Cruz
Biotechnology), anti-BRCA2 (BRCA2-A; gift from J. Chen and
D. Livingston, Harvard Medical School, Cambridge, MA), anti-
BRCA2 (3E6, GeneTex, San Antonio, TX), anti-HA (12CA5),
or anti-Flag (M2) primary antibodies in 1% nonfat dry milk-
PBS�0.2% Tween 20. Goat anti-mouse IgG F(ab)2 (Pierce),
anti-mouse IgG (Santa Cruz Biotechnology), or donkey anti-
rabbit Ig (Amersham Biosciences), horseradish peroxidase-
conjugated antibody was used as a secondary antibody in 1%

Abbreviations: AR, androgen receptor; DHT, 5�-dihydrotestosterone; HA, hemagglutinin.
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nonfat dry milk-PBS�0.2% Tween 20. Proteins were detected by
chemiluminescence (ECL kit, Amersham Biosciences).

Results
Wild-Type but Not a Tumor-Specific Truncated Mutant BRCA2 En-
hances AR Activity. As a first step to test whether BRCA2 is a
coactivator for AR, we analyzed the ability of BRCA2 to
enhance the transactivation function of AR in a hormone-
dependent manner. For this purpose, 293 cells were cotrans-
fected with expression vectors for AR and the MMTV-Luc
reporter, which is activated by ligand-bound AR, along with a
BRCA2 expression vector. We used 293 cells because they do not
express AR and because we were able to express BRCA2 at least
5-fold above the level of endogenous BRCA2. Coexpression of
BRCA2 with AR did not elevate reporter gene transcription in
the absence of the hormone DHT (Fig. 1A, lane 2). However,
hormone-dependent AR-mediated reporter gene activity was
augmented 3-fold by coexpression of BRCA2 (Fig. 1 A, lanes 4
and 5). In the absence of coexpressed AR, no effect of BRCA2
was observable with hormone (data not shown).

No BRCA2 missense mutation has been unequivocally iden-
tified as a tumor-specific mutation because of the lack of data on
functional domains of BRCA2 (14). Therefore, we tested a
tumor-specific truncation mutant of BRCA2, L1042stop, that
encodes the N-terminal 1,041 aa (15) for its effect on AR
function. In contrast to wild-type BRCA2, the tumor-specific
mutant L1042stop did not enhance AR transactivation on DHT
stimulation (Fig. 1 A, lane 6). These results are not caused by a

reduced expression of the L1042stop mutant compared with
wild-type BRCA2 (Fig. 1B).

BRCA2 Interacts with AR in Mammalian Cells. We next asked whether
the functional interaction between AR and BRCA2 is based on
a physical interaction. Thus, we tested the association between
BRCA2 and AR in coimmunoprecipitation assays by using
Flag-tagged full-length AR. Indeed, BRCA2 coimmunoprecipi-
tated with full-length AR but not with a control protein,
Flag-tagged Hic5-N (Fig. 2B, lanes 1 and 7).

AR encompasses several functional domains (Fig. 2 A). The
A�B domain of AR harbors a ligand-independent transcriptional
activation function (AF-1). The C and D domains are the
conserved DNA binding region and a variable hinge, respec-
tively. The E�F domain is responsible for ligand binding and
dimerization and also contains a ligand-dependent transcrip-
tional activation function (AF-2) (16). In addition, the DNA
binding and its adjacent region (amino acids 552–644) were
shown to interact with the ring finger protein SNURF, which
modulates nuclear trafficking of AR and thereby enriches AR in
the nuclear matrix (17). To determine which domains of AR
interact with BRCA2, several truncations of AR were generated
and tested in coimmunoprecipitation assays. Similar to full-
length AR, the AB and EF domains interacted with BRCA2
(Fig. 2B, lanes 2 and 5), suggesting that BRCA2 might be a

Fig. 1. Wild-type but not a tumor-specific truncated mutant BRCA2 syner-
gizes with GRIP1 to enhance AR function. (A) 293 cells in 6-cm dishes were
transiently transfected by using FuGENE6 reagent with 0.5 �g of pMMTV-Luc
reporter, 0.3 �g of pSV40-�-gal, 25 ng of pSG5-AR, 3 �g of MG-BRCA2, and/or
1 �g of MG-BRCA2L1042stop. Total DNA transfected was the same by adjust-
ing with appropriate empty expression vectors. Because of the large size of the
BRCA2 cDNA, we transfected equal moles of MG-BRCA2 (12) and empty
expression vector. Transfection efficiency was monitored and corrected with
�-galactosidase activity derived from cotransfected pSV40-�-gal. Where indi-
cated, cells were grown in the presence of 10�6 M DHT. Luciferase activities
represent the mean and SD from three transfections. Results shown are from
a single experiment that is representative of three separate experiments. (B)
Expression levels of wild-type BRCA2 and the tumor-specific mutant
L1042stop in 293 cells transfected as described in A. Immunoblotting was
performed by using anti-BRCA2 sera (3E6).

Fig. 2. BRCA2 interacts with AR. (A) Schematic representation of AR and its
functional domains. (B) Mapping of the domain in AR that is required for the
interaction with BRCA2 in vivo. Flag-tagged full-length AR (amino acids
1–919) and four Flag-tagged AR fragments (amino acids are indicated) were
cotransfected with 4.5 �g of MG-BRCA2 expression vector into 293T cells. As
a control, FlagHic5.N (amino acids 1–208) expression vector was used. Cells
were cultured with DHT (10�6 M) for 48 h in media with stripped serum. Total
cell lysates were subjected to immunoprecipitation using anti-Flag antibody
(M2) in the presence of DHT. Immunoblotting of the precipitates was per-
formed with anti-BRCA2 antibody (BRCA2-A) or anti-Flag antibody (M2).
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coactivator for both AF-1 and AF-2 function. On the other hand,
amino acids 552–644 of AR failed to interact with BRCA2 (Fig.
2B, lane 3).

Both Physical and Functional Interaction with BRCA2 Requires the AD2
Domain of GRIP1. Ligand-bound steroid receptors recruit p160
coactivators, which possess histone acetyltransferase activity and
can themselves recruit other coativators with histone acetylating
or histone methylating activities to potentiate ligand-dependent
steroid receptor signaling. The p160 family of coactivators
consists of three related 160-kDa proteins, SRC-1�NcoA-1,
GRIP1�TIF2�NcoA-2, and AIB1�pCIP�ACTR (18). Because
the AIB1 gene is implicated as a risk-modifying gene for BRCA2-
associated breast cancers, we analyzed whether p160 coactiva-
tors play a role in BRCA2- and AR-dependent transcription.
Among three members of the p160 family tested, SRC-1, GRIP1,
and AIB1, p160 GRIP1 was the most efficient coactivator of AR
function in 293 cells and subsequently used in our transient
transfection assays.

As expected, GRIP1 alone as well as GRIP1 and BRCA2
together did not enhance AR function in the absence of hor-
mone (Fig. 3A, lanes 2 and 3). On hormone stimulation, GRIP1
alone enhanced AR transactivation 2-fold and synergized with
BRCA2 to further enhance AR function by 10-fold. Importantly,
the tumor-specific L1042stop mutant of BRCA2 failed to syn-
ergize with GRIP1 (Fig. 3A, lane 9). These results are not caused
by an alteration of AR protein levels on coexpression of BRCA2
and�or GRIP1 (Fig. 3B).

Next, we tested the possibility that BRCA2 not only interacts
with AR, but also with GRIP1 in vivo. To this end, we coex-
pressed HA-tagged GRIP1 with BRCA2, performed an immu-
noprecipitation with anti-HA antibody, and then analyzed for
the presence of BRCA2 in the precipitate by Western blotting
with BRCA2 antisera. Indeed, BRCA2 coimmunoprecipitated
with GRIP1 but not with a control protein, HA-tagged JNK
(Fig. 3D, compare lanes 2 and 6).

All members of the p160 coactivator family have two auton-
omous activation domains, AD1 and AD2, at the C terminus.

Fig. 3. Both physical and functional interaction with BRCA2 requires the AD2 domain of GRIP1. (A) Wild-type but not a tumor-specific mutant BRCA2 synergizes
with GRIP1 to enhance AR function. Transient transfection of 293 cells were as described in Fig. 1A. Where indicated, 0.4 �g of pCMX-GRIP1 was cotransfected.
(B) AR protein expression is not affected by coexpression of BRCA2 and�or GRIP1. The same cell extracts used for luciferase assays described in A were subjected
to immunoblotting using anti-AR antibody (N-20). (C) Diagrammatic representation of wild-type and truncated GRIP1 molecules (19). (D) The interaction
between BRCA2 and GRIP1 requires an intact AD2 domain. 293T cells were transfected with MG-BRCA2 expression vector together with plasmids encoding for
the indicated HA-tagged proteins. Total cell lysates were subjected to immunoprecipitation using anti-HA epitope antibody 12CA5. Western blot analysis was
performed with anti-BRCA2 (BRCA2-A) or anti-HA (12CA5) antibody. (E) Synergistic coactivation mediated by BRCA2 and GRIP1 requires an intact AD2 domain.
Transient transfection assays were performed in 293 cells by using FuGENE6 reagent with 0.5 �g of MMTV-Luc reporter, 0.1 �g of pSV40-�-gal, 40 ng of pSG5-AR,
3 �g of MG-BRCA2, 1 �g of pSG5.HA expression vector encoding wild-type or truncated GRIP1 similar as described in Fig. 1. (F) Expression levels of wild-type GRIP1
and mutations thereof. Shown is an immunoblot of respective 293 cell lysates by using anti-HA antibody (12CA5).
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The AD1 domain recruits two histone acetyltransferases, p300�
CBP and P�CAF, whereas the AD2 domain interacts with two
arginine methyltransferases, CARM1 and PRMT1 (see Fig. 3C
for a sketch of GRIP1). GRIP1 deletion mutants lacking either
an AD1 domain (GRIP1�AD1) or AD2 domain (GRIP1�AD2)
are still functional, because GRIP1�AD1 and GRIP1�AD2
mutants synergistically cooperate with CARM1 and p300, re-
spectively, to enhance nuclear receptor function (19–22). To
determine which regions of GRIP1 play a role in the physical and
functional interaction with BRCA2, we used GRIP1 deletion
mutants lacking an AD1 and�or AD2 domain. When coex-
pressed with BRCA2, a GRIP1 mutant lacking the AD1 domain
interacted with BRCA2 (Fig. 3D, lane 3), whereas GRIP1
mutants lacking an AD2 domain (GRIP1�AD2 and
GRIP1�AD1��AD2) showed no interaction (Fig. 3D, lanes 4
and 5). Wild-type and all GRIP1 deletion mutants were ex-
pressed at similar levels (Fig. 3D Bottom). These results indicate
that the in vivo interaction between BRCA2 and GRIP1 requires
the AD2 domain of GRIP1.

To determine whether this physical interaction is required for
the synergistic cooperation between GRIP1 and BRCA2 to
enhance AR transactivation, transient transfection assays
were performed in 293 cells. As shown before, full-length
GRIP1 synergistically cooperated with BRCA2 to enhance
AR function (Fig. 3E, lane 7), whereas the GRIP1�AD2 and
GRIP1�AD1��AD2 mutants lacking an intact AD2 domain
failed to enhance the coactivator effect of BRCA2 (Fig. 3E, lanes
8 and 9); protein levels of full-length GRIP1 and its mutants
were comparable (Fig. 3F). GRIP1�AD2 even slightly repressed
the coactivator function of BRCA2, which may be due to
sequestering AR coactivators such as CBP�p300 and�or P�CAF
that interact with a functional AD1 domain (Fig. 3E; compare
lanes 3 and 8). Altogether, we conclude that the synergy between
BRCA2 and GRIP1 depends on the AD2 region, which also
facilitates an in vivo interaction between BRCA2 and GRIP1.

BRCA2 Synergizes with both P�CAF and BRCA1 in a GRIP1-Dependent
Manner. The coactivator P�CAF, which possesses histone acetyl-
transferase activity, has been previously shown to associate with
BRCA2 both in vitro and in vivo, though no function has yet been
ascribed to this interaction (23). P�CAF also enhances tran-
scription mediated by ligand-bound nuclear receptors via direct
contact with the p160 family of coactivators (24, 25). Our results
suggest that BRCA2 can enhance AR signaling through its
interaction with p160 GRIP1. These data taken together raise
the possibility that P�CAF, GRIP1, and BRCA2 collaborate to
enhance AR function.

To determine whether P�CAF and BRCA2 cooperate to
potentiate AR function, we used experimental conditions where
BRCA2, P�CAF, or GRIP1 alone poorly enhanced reporter
gene activity so that any potential collaboration between
BRCA2 and P�CAF in the presence or absence of GRIP1 would
be revealed. In the absence of GRIP1, BRCA2 and P�CAF did
not cooperate to enhance transcription mediated by ligand-
bound AR (Fig. 4A, lane 4), whereas expectedly either BRCA2
or P�CAF alone cooperated with GRIP1 (Fig. 4A, lanes 6 and
7). When both BRCA2 and P�CAF were coexpressed with
GRIP1, they synergized to further enhance AR-dependent
transcription. Thus, synergistic cooperation between P�CAF and
BRCA2 appears to depend on GRIP1.

Loss of either BRCA2 or BRCA1 dramatically increases the
risk of developing hereditary breast and ovarian cancers, though
these two unique tumor suppressor proteins bear no sequence
similarity to one another. The phenotypes of cells harboring
disrupted BRCA2 or BRCA1 are similar, suggesting that both
play a role in DNA repair, albeit BRCA2 and BRCA1 appear to
play mechanistically distinct roles (3). In addition, some pools of
BRCA2 and BRCA1 were previously shown to coexist (26), yet

the function of this association has not been resolved. We
therefore tested whether BRCA2 and BRCA1 together exert
additive or synergistic coactivator effects on AR function in the
absence and presence of GRIP1. We used experimental condi-
tions where BRCA2, BRCA1, or GRIP1 alone caused a negli-
gible enhancement of reporter gene activity, so that a potential
cooperation among coactivators would be detected. In the
absence of GRIP1, BRCA2 and BRCA1 together showed little
additive coactivator effects on AR activity (Fig. 4B, lane 4).
Coexpression of GRIP1 with either BRCA2 or BRCA1 caused
an �2-fold increase of reporter gene activity. However, BRCA2
and BRCA1 together in the presence of GRIP1 synergistically
enhanced reporter gene activity when compared with their
individual effects (Fig. 4B, lane 8). The fact that BRCA2 and
BRCA1 acted in a synergistic manner suggests that this coacti-
vator pair enhances AR signaling by independent yet coopera-
tive mechanisms.

Discussion
BRCA2 Functions as a Coactivator for AR. In this report, we have
shown that BRCA2 acts as a coactivator for AR in conjunction
with p160 GRIP1, thereby pointing at a novel mechanism of how
BRCA2 exerts its tumor suppressor function by promoting AR
signaling. Indeed, several lines of evidence suggest that AR
signaling in the breast protects against cancer development (27).
(i) AR signaling has inhibitory effects on cell proliferation of
some breast cancer cells in vitro as well as in nude mice (5–8).
(ii) Androgen is effective to treat metastatic breast cancer,
though its use has been suspended because of its side effects (28).
(iii) AR signaling inhibits estrogen-induced mammary epithelial
proliferation and suppresses estrogen receptor expression in
primates (29). (iv) Partially inactivating germ-line mutations of

Fig. 4. BRCA2 synergizes with P�CAF or BRCA1 in a GRIP1-dependent
manner. (A) Synergistic GRIP1-dependent enhancement of AR function by
BRCA2 and P�CAF. Transient transfection assays were performed in 293 cells
by using FuGENE6 with 0.5 �g of pMMTV-Luc reporter, 50 ng of pSV40-�-gal,
30 ng of pSG5-AR, 2.5 �g of MG-BRCA2, 0.5 �g of pCMX-GRIP1, 1 �g of
pCMX-P�CAF, and�or appropriate empty expression vectors. (B) Synergistic
GRIP1-dependent enhancement of AR function by BRCA2 and BRCA1. Tran-
sient transfection assays were performed in 293 cells by using FuGENE6 with
0.5 �g of pMMTV-Luc reporter, 0.3 �g of pSV40-�-gal, 25 ng of pSG5-AR, 2.25
�g of MG-BRCA2, 1.75 �g of CR3-BRCA1, 0.5 �g of pCMX-GRIP1, and�or
appropriate empty expression vectors.
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the AR gene have been linked with breast cancers in men (9–11).
Our results suggest that loss of BRCA2 will result in reduced or
impaired AR-mediated transcription, thereby abrogating the
antiproliferative effect of AR, which may result in enhanced
breast tumorigenesis. Consistently, both germ-line mutations in
BRCA2 and AR genes are correlated with an increased risk of
male breast cancer (1, 9–11).

The mechanisms of inhibitory action of androgens in breast
cancer development and growth are presently not known. In-
terestingly, androgens appear to down-regulate the expression of
the antiapoptotic protein Bcl-2 in a human breast cancer cell line.
Consequently, survival of breast cancer cells would be impaired,
offering a potential explanation for the inhibitory effect of
androgens on cancer cell growth (30). The search for and the
characterization of novel target genes affected by BRCA2 in
collaboration with AR and GRIP1 may further our under-
standing of how BRCA2 mechanistically safeguards against
tumorigenesis.

Role of BRCA2 in Transcriptional Regulation and DNA Repair. In
contrast to BRCA1, data supporting a role for BRCA2 in
transcriptional regulation are less explored. BRCA2 coimmu-
noprecipitates with P�CAF, inhibits p53 transactivation, con-
tains a domain of �100-aa length that is associated with a
putative transactivation activity, and synergizes with Smad3 (23,
31–33). However, how the transcriptional regulation by BRCA2
might contribute to breast cancer development has not been
shown. Our study strongly indicates a role of BRCA2 in the
regulation of gene transcription by acting as a coactivator
for AR.

BRCA2 synergistically cooperated with P�CAF or BRCA1 in
a GRIP1-dependent manner to promote AR transactivation.
Considering that both P�CAF and BRCA1 are AR coactivators
interacting with GRIP1 (34, 35) and also coexist with some pools
of BRCA2 (23, 26), our study suggests a complex interplay
among AR, BRCA2, p160 GRIP1, BRCA1, and P�CAF. It is
possible that BRCA2 participates in the formation and�or
stabilization of a macromolecular steroid receptor–coactivator
complex with multiple protein–protein interactions.

The interaction of GRIP1 and P�CAF with BRCA2 may also
be relevant for the proposed tumor suppressor function of
BRCA2 in recombination-mediated DNA repair, because the
capacity of the two histone acetyltransferases, GRIP1 and
P�CAF, to remodel chromatin structures is not only important
for gene transcription but also for DNA repair, recombination,

and replication (36). Furthermore, GRIP1 was previously shown
to interact and synergize with the CARM1 and PRMT1 arginine
methyltransfereases to enhance steroid receptor signaling (19,
21). These methyltrasferases possess histone-methylating activ-
ities and are thought to be involved in chromatin remodeling (37,
38). Because of its association with GRIP1, BRCA2 may there-
fore also coexist with these methyltransferases and functionally
communicate with these coactivators during transcriptional reg-
ulation and DNA repair.

Risk Modifying Genes for BRCA2-Associated Cancers. BRCA2 muta-
tion carriers show substantial individual variability in the risk for
breast cancer development (39, 40), but the reasons for this
variability are unclear. Factors affecting hormonal signaling such
as oophorectomy, pregnancy, breastfeeding, oral contraceptives,
and tamoxifen are implicated as risk-modifying factors for
BRCA2-associated breast and�or ovarian cancers (41). In addi-
tion, genetic polymorphisms of the two genes coding for Rad51
and p160 AIB1 (a breast tissue-specific member the p160 family
of coactivators) are linked with modification of BRCA2-
associated breast cancer risk. Identification of the Rad51 gene as
a risk-modifier for BRCA2-associated breast cancers supports an
importance of the Rad51 recombinase in the tumor suppressor
function of BRCA2 (42, 43).

Based on this study, we speculate that genetic polymorphism
of the AR gene might be a risk modifier for BRCA2-associated
breast cancer. Because the p160 GRIP1 coactivator not only
synergized with BRCA2 but also was critical for the synergistic
cooperation of BRCA2 with both BRCA1 and P�CAF to
enhance AR function, we additionally propose that the GRIP1
gene might be a modifier for BRCA2- and BRCA1-associated
cancer risk. Epidemiological studies linking AR and GRIP1
polymorphisms to BRCA2 mutations should be undertaken to
validate our hypotheses, because this would be clinically impor-
tant for a better assessment of cancer risk in BRCA2 mutation
carriers.

We thank B. Weber, B. Peeters, R. Evans, M. Stallcup, S. Kato, B. Spain,
J. Chen, and D. Livingston for providing cDNA clones or antibodies. We
thank R. Janknecht for critical comments on the manuscript, and
previous and present members of the Verma laboratory for valuable
discussions. I.M.V. is an American Cancer Society Professor of Molec-
ular Biology and is supported by grants from the National Institutes
of Health, the March of Dimes, the Lebensfeld Foundation, the Wayne
and Gladys Valley Foundation, and the H. N. and Frances C. Berger
Foundation.

1. Levitt, N. C. & Hickson, I. D. (2002) Trends Mol. Med. 8, 179–186.
2. Schwab, M., Claas, A. & Savelyeva, L. (2002) Cancer Lett. 175, 1–8.
3. Venkitaraman, A. R. (2002) Cell 108, 171–182.
4. Rebbeck, T. R., Wang, Y., Kantoff, P. W., Krithivas, K., Neuhausen, S. L.,

Godwin, A. K., Daly, M. B., Narod, S. A., Brunet, J. S., Vesprini, D., et al. (2001)
Cancer Res. 61, 5420–5424.

5. Hackenberg, R., Luttchens, S., Hofmann, J., Kunzmann, R., Holzel, F. &
Schulz, K. D. (1991) Cancer Res. 51, 5722–5727.

6. Labrie, F., Simard, J., de Launoit, Y., Poulin, R., Theriault, C., Dumont, M.,
Dauvois, S., Martel, C. & Li, S. M. (1992) Cancer Detect. Prev. 16, 31–38.

7. Couture, P., Theriault, C., Simard, J. & Labrie, F. (1993) Endocrinology 132,
179–185.

8. Birrell, S. N., Bentel, J. M., Hickey, T. E., Ricciardelli, C., Weger, M. A.,
Horsfall, D. J. & Tilley, W. D. (1995) J. Steroid Biochem. Mol. Biol. 52, 459–467.

9. Wooster, R., Mangion, J., Eeles, R., Smith, S., Dowsett, M., Averill, D.,
Barrett-Lee, P., Easton, D. F., Ponder, B. A. & Stratton, M. R. (1992) Nat.
Genet. 2, 132–134.

10. Lobaccaro, J. M., Lumbroso, S., Belon, C., Galtier-Dereure, F., Bringer, J.,
Lesimple, T., Namer, M., Cutuli, B. F., Pujol, H. & Sultan, C. (1993) Hum. Mol.
Genet. 2, 1799–1802.

11. Poujol, N., Lobaccaro, J. M., Chiche, L., Lumbroso, S. & Sultan, C. (1997) Mol.
Cell Endocrinol. 130, 43–51.

12. Spain, B. H., Larson, C. J., Shihabuddin, L. S., Gage, F. H. & Verma, I. M.
(1999) Proc. Natl. Acad. Sci. USA 96, 13920–13925.

13. Wigler, M., Pellicer, A., Silverstein, S., Axel, R., Urlaub, G. & Chasin, L. (1979)
Proc. Natl. Acad. Sci. USA 76, 1373–1376.

14. Nathanson, K. N., Wooster, R. & Weber, B. L. (2001) Nat. Med. 7, 552–556.
15. Friend, S., Borresen, A. L., Brody, L., Casey, G., Devilee, P., Gayther, S.,

Goldgar, D., Murphy, P., Weber, B. L. & Wiseman, R. (1995) Nat. Genet. 11,
238–239.

16. Robyr, D., Wolffe, A. P. & Wahli, W. (2000) Mol. Endocrinol. 14, 329–347.
17. Poukka, H., Karvonen, U., Yoshikawa, N., Tanaka, H., Palvimo, J. J. & Janne,

O. A. (2000) J. Cell Sci. 113, 2991–3001.
18. Leo, C. & Chen, J. D. (2000) Gene 245, 1–11.
19. Chen, D., Huang, S. M. & Stallcup, M. R. (2000) J. Biol. Chem. 275,

40810–40816.
20. Chen, D., Ma, H., Hong, H., Koh, S. S., Huang, S. M., Schurter, B. T., Aswad,

D. W. & Stallcup, M. R. (1999) Science 284, 2174–2177.
21. Koh, S. S., Chen, D., Lee, Y. H. & Stallcup, M. R. (2001) J. Biol. Chem. 276,

1089–1098.
22. Ma, H., Hong, H., Huang, S. M., Irvine, R. A., Webb, P., Kushner, P. J.,

Coetzee, G. A. & Stallcup, M. R. (1999) Mol. Cell. Biol. 19, 6164–6173.
23. Fuks, F., Milner, J. & Kouzarides, T. (1998) Oncogene 17, 2531–2534.
24. Korzus, E., Torchia, J., Rose, D. W., Xu, L., Kurokawa, R., McInerney, E. M.,

Mullen, T. M., Glass, C. K. & Rosenfeld, M. G. (1998) Science 279, 703–707.
25. Webb, P., Nguyen, P., Shinsako, J., Anderson, C., Feng, W., Nguyen, M. P.,

Chen, D., Huang, S. M., Subramanian, S., McKinerney, E., et al. (1998) Mol.
Endocrinol. 12, 1605–1618.

Shin and Verma PNAS � June 10, 2003 � vol. 100 � no. 12 � 7205

G
EN

ET
IC

S



26. Chen, J., Silver, D. P., Walpita, D., Cantor, S. B., Gazdar, A. F., Tomlinson, G.,
Couch, F. J., Weber, B. L., Ashley, T., Livingston, D. M. & Scully, R. (1998)
Mol. Cell 2, 317–328.

27. Birrell, S. N., Hall, R. E. & Tilley, W. D. (2000) Mam. Gland Biol. Neoplasia
3, 95–103.

28. Yoshida, M. & Miura, S. (1984) Gan To Kagaku Ryoho 11, 989–998.
29. Zhou, J., Ng, S., Adesanya-Famuiya, O., Anderson, K. & Bondy, C. A. (2000)

FASEB J. 14, 1725–1730.
30. Lapointe, J., Fournier, A., Richard, V. & Labrie, C. (1999) Endocrinology 140,

416–421.
31. Marmorstein, L. Y., Ouchi, T. & Aaronson, S. A. (1998) Proc. Natl. Acad. Sci.

USA 95, 13869–13874.
32. Milner, J., Ponder, B., Hughes-Davies, L., Seltmann, M. & Kouzarides, T.

(1997) Nature 386, 772–773.
33. Preobrazhenska, O., Yakymovych, M., Kanamoto, T., Yakymovych, I., Ros-

tyslav, S., Heldin, C.-H. & Souchelnytskyi, S. (2002) Oncogene 21, 5660–5664.
34. Reutens, A. T., Fu, M., Wang, C., Albanese, C., McPhaul, M. J., Sun, Z., Balk,

S. P., Janne, O. A., Palvimo, J. J. & Pestell, R. G. (2001) Mol. Endocrinol. 15,
797–811.

35. Park, J. J., Irvine, R. A., Buchanan, G., Koh, S. S., Park, J. M., Tilley, W. D.,
Stallcup, M. R., Press, M. F. & Coetzee, G. A. (2000) Cancer Res. 60,
5946–5949.

36. Peterson, C. L. & Logie, C. (2000) J. Cell Biochem. 78, 179–185.
37. Ma, H., Baumann, C. T., Li, H., Strahl, B. D., Rice, R., Jelinek, M. A., Aswad,

D. W., Allis, C. D., Hager, G. L. & Stallcup, M. R. (2001) Curr. Biol. 11,
1981–1985.

38. Wang, H., Huang, Z. Q., Xia, L., Feng, Q., Erdjument-Bromage, H., Strahl,
B. D., Briggs, S. D., Allis, C. D., Wong, J., Tempst, P. & Zhang, Y. (2001)
Science 293, 853–857.

39. Eeles, R. & Kadouri, L. (1999) Endocr. Relat. Cancer 6, 521–528.
40. Martin, A. M. & Weber, B. L. (2000) J. Natl. Cancer Inst. 92, 1126–1135.
41. Narod, S. A. (2002) Nat. Rev. 2, 113–123.
42. Levy-Lahad, E., Lahad, A., Eisenberg, S., Dagan, E., Paperna, T., Kasinetz, L.,

Catane, R., Kaufman, B., Beller, U., Renbaum, P. & Gershoni-Baruch, R.
(2001) Proc. Natl. Acad. Sci. USA 98, 3232–3236.

43. Wang, W. W., Spurdle, A. B., Kolachana, P., Bove, B., Modan, B., Ebbers,
S. M., Suthers, G., Tucker, M. A., Kaufman, D. J., Doody, M. M., et al. (2001)
Cancer Epidemiol. Biomarkers Prev. 10, 955–960.

7206 � www.pnas.org�cgi�doi�10.1073�pnas.1132020100 Shin and Verma


