
BRCA2 suppresses cell proliferation via stabilizing MAGE-D1

Xin-xia Tian1, Deepak Rai1, Jun Li1, Chaozhong Zou1, Yujie Bai1, David Wazer2, Vimla
Band1, and Qingshen Gao1,*

1Division of Cancer Biology, Evanston Northwestern Healthcare Research Institute, Department
of Medicine, Northwestern University Feinberg School of Medicine, 1001 University Place,
Evanston, IL 60201
2Department of Radiation Oncology, New England Medical Center, Tufts University School of
Medicine, 750 Washington Street, Boston, MA

Abstract
Germline mutations in BRCA2 gene predispose women to early-onset familial breast and ovarian
cancer. BRCA2 is a protein of multiple functions. In addition to its role in DNA double-strand
breaks repair, BRCA2 also plays a role in stabilization of stalled DNA replication forks,
cytokinesis, transcription regulation, mammalian gametogenesis, centrosome duplication, and
suppression of cell proliferation. However, how BRCA2 mutations predispose women specifically
to breast and ovarian cancer remains undefined. Here we found that BRCA2 binds and stabilizes
MAGE-D1, a member of the MAGE gene family of proteins. Expression of BRCA2 and MAGE-
D1 synergistically suppresses cell proliferation independently of the p53 pathway. Using two
MAGE-D1 RNAis and two cell lines expressing low or undetectable levels of MAGE-D1, we
further demonstrated that the expression of MAGE-D1 is required for BRCA2-mediated
suppression of cell proliferation, indicating that MAGE-D1 is a downstream target of BRCA2 and
that BRCA2 suppresses cell proliferation via stabilizing MAGE-D1. Importantly, MAGE-D1
protein expression was reduced in 6 out of 16 breast carcinoma cell lines tested as compared with
untransformed immortal mammary epithelial cell lines, suggesting that suppression of MAGE-D1
expression may be involved in the tumorigenesis of a subset of sporadic breast cancers.

Introduction
Germ-line mutations in the breast cancer susceptibility gene BRCA2 confer susceptibility to
familial early-onset breast and ovarian cancers (1-3). However, mutation of the BRCA2
gene in sporadic breast cancer rarely occurs (4). BRCA2 is a large protein of multiple
functions. Extensive studies indicate that BRCA2 plays an important role in DNA damage
repair by homologous recombination (5-13). BRCA2 also plays an important role in
transcription regulation (13), centrosome duplication (14), cytokinesis (15), mammalian
gametogenesis (16), and stabilization of stalled DNA replication forks (17). Importantly,
BRCA2 inhibits tumor cell proliferation in vitro and tumor growth in vivo (18). However,
how BRCA2 mediates the negative regulation of cell proliferation remains undefined.

The MAGE (MAGE for melanoma antigen) family contains a large group of proteins that
harbor the MAGE homology domain, a well-conserved domain of about 200 amino acids
(19). Members of the hMAGE-A, -B, and -C subfamilies are completely silent in most
normal tissues, the exceptions being male germ cells, and, for some members of the
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subfamilies, the placenta (19). However, many members of the MAGE family are expressed
in tumor cells of various histological types, and thus are of particular interest for anti-tumor
immunotherapy. Members of the hMAGE-D, hMAGE-E, hMAGE-F, hMAGE-G, and
hMAGE-H subfamilies exhibit a “ubiquitous” expression pattern; that is, they are expressed
in many normal tissues at various levels (19). Recent studies indicate that MAGE-D1 is a
regulator of apoptosis, transcription, and cell cycle progression (19). MAGE-D1 has been
found to interact with Dlx/Msx homedomain proteins and is required for Dlx5-dependent
transcription (20). Recently it was reported that MAGE-D1 cooperated with Necdin, another
MAGE family protein, to regulate the function of Msx homeodomain proteins in cellular
differentiation (21). MAGE-D1 also interacts with inhibitors of apoptosis proteins (IAPs),
ubiquitin ligase praja1, axon guidance receptor UNC5H, and Ror receptor kinases (22-25).
MAGE-D1 has also been reported to bind to p75 neurotrophin receptor and to mediate nerve
growth-factor-dependent apoptosis (26).

In this study, using a conserved fragment of BRCA2 as bait, we identified MAGE-D1 as a
BRCA2 binding protein and demonstrated that BRCA2 and MAGE-D1 interacted in vivo.
Moreover, BRCA2 can stabilize MAGE-D1 and expression of BRCA2 and MAGE-D1 can
suppress cell proliferation synergistically independently of p53 pathway. We also found that
BRCA2 mediated-growth suppression is dependent on the expression of MAGE-D1,
suggesting that MAGE-D1 is likely a downstream target of BRCA2. Importantly, MAGE-
D1 expression was reduced in 6 out of 16 breast carcinoma cell lines tested as compared
with untransformed immortal mammary epithelial cells, indicating that suppression of
MAGE-D1 expression may disrupt the function of BRCA2 and play a role in the
tumorigenesis of a subset of sporadic breast cancers.

Materials and Methods
Yeast two-hybrid constructs and screening

The cDNA encoding the residues 2392-2952 of BRCA2 was cloned into pGBT9 (Clontech,
CA) to generate the bait plasmid, pGBT9-BRCA2-C2. Yeast two-hybrid screening was
performed as described previously (27, 28).

Cell culture
Human embryonic kidney cell line 293T was cultured in DMEM medium supplemented
with 10% fetal calf serum (Hyclone). 76NTert, 76R30, 184A1, 184B5, MCF-10A, 21MT-1,
and 21MT-2 cells were grown in DFCI medium (29). HCC2157 cells were cultured in DFCI
medium supplemented with 10% fetal calf serum. MCF-7, T47D, ZR-75-30, UACC812,
MDAMB134, MDAMB361, MDAMB415, MDAMB453, and BT549 cells were cultured in
α-MEM medium (Life Technologies) supplemented with 10% fetal calf serum. HCC70,
HCC1143, HCC 1806, and 21NT cells were cultured in α-MEM medium supplemented with
10% fetal calf serum, 1μg/ml hydrocortisone (Sigma) and 12.5ng/ml EGF (Sigma).

Plasmid constructs and RNAi
The pCDEF3-Myc-MAGE-D1 construct was generated by cloning Myc-tagged full-length
human MAGE-D1 coding sequences into pCDEF3 vector (30). Myc-tagged full-length
human MAGE-D1 was generated by polymerase chain reaction (PCR) using MAGE-D1
EST clone (ATCC number 6555672) as a template and verified by sequencing. The pCR3.
1-4xMyc-MAGE-D1 construct was generated by cloning full-length human MAGE-D1
coding sequences fused with 4 copies of myc tags at its 5′ end into pCR3.1 vector. Two
pSuper-MAGE-D1-RNAi constructs were generated to express two MAGE-D1 specific
RNAi target sequences, ACCTGCGCCCTTCTCCCAA and
CTACTAAAGTGGGCCCAAA (synthesized by TriLink BioTechnologies, Inc.). The Flag-
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tagged BRCA2 and its mutants were generated by PCR and restriction splicing, then cloned
into pEF6/HisB vector. The details of construction are available upon request.

Polyclonal antibody generation
A DNA fragment representing amino acids 36-272 of human MAGE-D1 was cloned into
pPROEX to produce a His-MAGE-D1 fusion protein. This protein was purified and used to
immunize rabbits. The anti-MAGE-D1 antibody was affinity purified using His-tagged
MAGE-D1 (36-272 aa).

In vivo binding of MAGE-D1 and BRCA2 or its mutants
The 293T cells were plated at 1×106 per 100-mm dish and transfected with 20 μg of pEF6-
FLAG-tagged BRCA2 or its mutants and 10 μg of pCDEF3-Myc-MAGE-D1, either alone or
in combination, using the calcium phosphate method. Forty-eight hours later, cell lysates
were prepared in LSAB buffer (100mM Tris-HCl, pH. 7.5, 150 mM NaCl, 1% NP-40).
Lysates were subjected to immunoprecipitation using anti-FLAG antibody (M2, Sigma, St.
Louis, MO), followed by immunoblotting using anti-Myc (9E10) or anti-FLAG monoclonal
antibodies. Enhanced chemiluminescence was used for detection (Amersham, Piscataway,
NJ). To examine the binding of endogenous MAGE-D1 with the endogenous BRCA2, 293T
cells and Capan-1 cells were harvested in RIPA buffer without SDS (100mM Tris-HCl, pH.
7.5, 150 mM NaCl, 1% Triton, 1% DOC). The cell lysate was subjected to
immunoprecipitation using preimmune, anti-BRCA2-C2 (generated by immunizing rabbits
with GST-BRCA2-C2), and anti-MAGE-D1 antisera, followed by Western blotting using
anti-BRCA2 (BRCA2 ab1, Oncogene Science) and anti-MAGE-D1 antibodies.

Immunofluorescence and BrdU labeling
Cells grown on coverslips (Fisher) were transfected with pCDEF3, pEF6, pCDEF3-myc-
MAGE-D1, and pEF6-Flag-BRCA2, alone or in combination, together with pBB14-GFP (a
membrane-localized GFP fusion protein that can be retained after permeabilization (31)),
using Fugene 6 (Roche) according to the manufacturer's instructions. Two days after
transfection, the cells were incubated with BrdU for 1hr, then stained with anti-BrdU
antibody (Roche) according to the manufacturer's instructions.

Results
Identification of MAGE-D1 as a BRCA2 binding protein and binding of MAGE-D1 to BRCA2
in vivo

In an attempt to identify novel BRCA2 binding proteins, BRCA2 cDNA encoding the most
conserved region of BRCA2 (residues 2393-2952) was used as bait to screen a yeast two
hybrid library prepared from normal mammary epithelial cells (strain 76N) as described
previously (27, 28). Of the positive clones identified, two identical clones encoded the C
terminal 116 aa of MAGE-D1, a member of the MAGE family of proteins.

To confirm the interaction between BRCA2 and MAGE-D1 in vivo, full-length Myc-
tagged-MAGE-D1 was transfected into 293T cells alone or together with full-length Flag-
tagged-BRCA2. Forty-eight hours after transfection, the transfected cells were harvested in
LSAB buffer and the BRCA2-MAGE-D1 complex was immunoprecipitated using anti-Flag
monoclonal antibody. As shown in Figure 1B, MAGE-D1 can be specifically co-
immunoprecipitated with BRCA2 using anti-Flag antibody (Fig. 1B, lane 8). Importantly,
MAGE-D1 can also be co-immunoprecipitated with BRCA2 in RIPA buffer (without SDS),
indicating that the interaction of MAGE-D1 and BRCA2 is unusually strong (data not
shown). To define the binding domain of MAGE-D1 on BRCA2, one set of Flag-tagged
BRCA2 deletion mutants as summarized in Fig.1A was co-transfected into 293T cells with
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full-length myc-tagged MAGE-D1 and co-immunoprecipitation was carried out using anti-
Flag monoclonal antibody. We found that the only MAGE-D1-binding domain on BRCA2
localizes to a region between residues 2393 and 2952 in the BRCA2 protein (Fig. 1A, B).

In order to detect the endogenous MAGE-D1 protein, an anti-MAGE-D1 antiserum was
generated against a His-tagged fusion protein encoding the N-terminal 36-272 aa of MAGE-
D1. To determine if this antiserum specifically recognizes the recombinant or endogenous
MAGE-D1, cell lysates from 76NTert, 76R30, MCF-7, and HeLa cells, as well as 293T cells
transfected with vector or 4×Myc-tagged MAGE-D1 were probed with affinity-purified anti-
MAGE-D1 antibody. As shown in Fig. 2A, anti-MAGE-D1 antibody recognized the
endogenous MAGE-D1 as an 85 kDa protein in 293T, 76NTert, 76R30, and MCF-7 cells. In
the 4xMyc-tagged MAGE-D1 transfected 293T cells, anti-MAGE-D1 detected an additional
90 kDa protein corresponding to the 4×Myc-tagged-MAGE-D1 and anti-Myc antibody
specifically detected the 90 kDa band at the same position (Fig. 2A). It is noteworthy that
the expression of MAGE-D1 is undetectable in HeLa cells and is significantly lower in
MCF-7 cells than in 293T, 76NTert, and 76R30 cells. These data clearly demonstrate that
this anti-MAGE-D1 antibody can specifically detect endogenous MAGE-D1.

Next, to determine the binding of endogenous BRCA2 and MAGE-D1, 293T and Capan-1
cells were harvested in RIPA (no SDS) buffer, and subjected to immunoprecipitation using
anti-MAGE-D1, anti-BRCA2-C2 (raised against BRCA2-C2), or pre-immune antisera (as
negative control). The immunoprecipitated proteins were analyzed by Western blotting
using anti-BRCA2 (BRCA2 Ab1, Oncogene Science) and anti-MAGE-D1 antibodies. In
293T cells, anti-BRCA2-C2 immunoprecipitated both endogenous BRCA2 and endogenous
MAGE-D1 (Fig. 2B, Lane 2). The anti-BRCA2-C2 was raised against aa 2393-2952 of
BRCA2, a portion of BRCA2 deleted in Capan-1 cells (32-34). Therefore, the anti-BRCA2-
C2 antibody was unable to immunoprecipitate the truncated BRCA2 in Capan-1 cells and
consequently failed to co-immunoprecipitate the endogenous MAGE-D1 (Fig. 2B, Lane 7).
These data also demonstrate that anti-BRCA2-C2 does not directly recognize MAGE-D1,
validating that the co-immunoprecipitation of MAGE-D1 by anti-BRCA2-C2 is due to their
specific interaction. Reciprocally, anti-MAGE-D1 immunoprecipitated the endogenous
MAGE-D1, and consequently co-immunoprecipitated the endogenous BRCA2 in 293T
cells, but not Capan-1 cells (Fig. 2B, lanes 4 and 9). In Capan-1 cells, anti-MAGE-D1 pulled
down only MAGE-D1, not BRCA2 (Fig. 2B, lane 9), because the truncated BRCA2 in
Capan-1 cells is devoid of the MAGE-D1 binding domain. It should be emphasized that all
binding experiments were carried out in RIPA buffer (no SDS), indicating that the binding
of BRCA2 and MAGE-D1 is very strong. These data conclusively demonstrate that
endogenous BRCA2 can bind to endogenous MAGE-D1 in vivo.

BRCA2 stabilizes MAGE-D1
We found that the MAGE-D1 protein level was always much higher when MAGE-D1 was
co-expressed with BRCA2 than when it was expressed alone. To investigate this observation
further, a constant amount of MAGE-D1 was co-transfected with increasing amounts of
BRCA2 into 293T cells, the MAGE-D1 protein level was examined by Western blotting
using anti-Myc antibody. As shown in Fig. 3A, the MAGE-D1 protein level increased
significantly and dose-dependently with increased amounts of transfected BRCA2, although
BRCA2 was detectable only when more than 10μg of DNA was transfected. Furthermore,
the level of MAGE-D1 did not increase when it was co-expressed with a BRCA2 mutant
devoid of the MAGE-D1 binding domain (BRCA2ΔC2), indicating that the effect of
BRCA2 on the MAGE-D1 protein level is due to their specific interaction (Fig. 3B). To
delineate the mechanism of the elevated MAGE-D1 protein level upon BRCA2 co-
expression, we examined the half-life of MAGE-D1 in 293T cells transfected with MAGE-
D1 alone or with MAGE-D1 and BRCA2 together, using cycloheximide. As shown in
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Figure 3C, the half-life of MAGE-D1 was significantly increased up to more than 12 hours
in the presence of BRCA2 co-expression, compared to about 2 hours in the absence of
BRCA2 co-expression. This result clearly indicates that BRCA2 stabilizes MAGE-D1
protein.

Expression of BRCA2 and MAGE-D1 synergistically suppresses human mammary
epithelial cell proliferation independently of the p53 pathway

MAGE-D1 overexpression has been reported to inhibit progression of the cell cycle in
several cell lines (26, 35). It has also been reported that expression of BRCA2 inhibits the
proliferation of a pancreatic cancer cell line, Capan-1 cells, both in culture and in animals.
Our finding that BRCA2 binds to MAGE-D1 and stabilizes MAGE-D1 suggests that
BRCA2 and MAGE-D1 may function synergistically in the same pathway to suppress cell
proliferation.

To examine the effect of co-expression of MAGE-D1 and BRCA2 on cell cycle progression,
76NTert cells (an hTERT immortalized human mammary epithelial cell line derived from
76N cells) were transfected with MAGE-D1 and BRCA2, alone or in combination, together
with pBB14/GFP to indicate the transfected cells. The cells were pulse-labeled for 1 hr with
bromodeoxyuridine (BrdU) at 48 hr after transfection and analyzed for BrdU incorporation
by immunostaining using anti-BrdU antibody. As expected, expression of p53 suppressed
76Ntert cell proliferation, validating our cell proliferation assay. About 30% of cells
transfected with MAGE-D1 or BRCA2 incorporated BrdU, while about 40% of vector-
transfected cells incorporated BrdU, indicating that both MAGE-D1 and BRCA2 can inhibit
progression of the cell cycle to a similar extent as can p53 (Fig. 4A, B). It is important to
note that only 11% of cells overexpressing both MAGE-D1 and BRCA2 incorporated BrdU,
indicating that BRCA2 and MAGE-D1 can synergistically suppress cell proliferation.

Wen et al. (35) recently reported that MAGE-D1 suppresses cell growth through a p53-
dependent pathway in mouse embryonic fibroblasts. To test whether MAGE-D1- and
BRCA2-mediated growth suppression is p53 dependent in mammary epithelial cells, we
carried out the growth suppression assay by MAGE-D1 and BRCA2 in 76R30 cells, which
are p53 null derivatives of 76N cells (36). As shown in Fig. 4C, the extent to which BRCA2
and MAGE-D1 suppressed proliferation of the p53 null 76R30 cells was similar to the
extent as of their suppression of 76NTert cells, suggesting that BRCA2 and MAGE-D1 can
retard cell cycle progression through a p53-independent pathway in human mammary
epithelial cells.

BRCA2-mediated-suppression of cell proliferation is dependent on the expression of
MAGE-D1

Since BRCA2 can stabilize MAGE-D1 and function synergistically with MAGE-D1 to
suppress cell proliferation, it is likely that MAGE-D1 is a downstream target of BRCA2 and
BRCA2 suppresses cell proliferation by stabilizing MAGE-D1. For this purpose, we used
two RNAi constructs targeting the coding region of MAGE-D1 to silence the expression of
MAGE-D1. As shown in Fig. 5A, the endogenous MAGE-D1 level in 293T cells was
markedly reduced when these cells were transfected with both MAGE-D1 RNAi constructs
(designated as D1 RNAi #1 and D1 RNAi #2). Densitometry analysis of Western blots
indicated that more than 90% of MAGE-D1 was reproducibly depleted with use of these
MAGE-D1 RNAi constructs. To determine whether MAGE-D1 is a downstream target of
BRCA2, 76NTert and 76R30 cells were co-transfected with BRCA2 and the two MAGE-D1
RNAi constructs (Fig 5B). The proliferation of the transfected cells were analyzed by BrdU
incorporation as described earlier. As shown in Fig.5B, both MAGE-D1 RNAi constructs
significantly attenuated the effect of BRCA2 expression on cell proliferation (P< 0.05),
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indicating that BRCA2-mediated suppression of cell proliferation is dependent on the
expression of MAGE-D1 and that MAGE-D1 acts downstream of BRCA2.

To further corroborate these observations, MCF-7 and HeLa cells, which express a low or
undetectable level of MAGE-D1 (Fig. 2A), were transfected with BRCA2, either alone or in
combination with MAGE-D1, and assayed for BrdU incorporation. We found that BRCA2
alone is unable to suppress the cell cycle progression of MCF-7 and HeLa cells (Fig. 5C), a
finding that is consistent with our observation using MAGE-D1 RNAi. Co-expression of
BRCA2 and MAGE-D1 significantly enhanced MAGE-D1-expression-mediated growth
suppression, correlating with our observation that BRCA2 stabilizes MAGE-D1. Taken
together, these data demonstrate that BRCA2 suppresses cell proliferation via stabilizing
MAGE-D1.

MAGE-D1 protein expression in breast carcinoma cell lines
Since the expression of MAGE-D1 is required for BRCA2-mediated-suppression of cell
proliferation, MAGE-D1 gene mutation or deletion, or suppression of its expression should
also abrogate the function of BRCA2, which may be directly linked to tumorigenesis. To
investigate if MAGE-D1 expression is altered in breast cancer, we examined the expression
of MAGE-D1 in a large panel of breast cancer cell lines and four untransformed immortal
mammary epithelial cell lines (76NTert, MCF-10A, 184A1, and 184B5). As shown in Fig.
6, similar levels of MAGE-D1 were readily detectable in the four untransformed mammary
epithelial cell lines. However, in four breast carcinoma cell lines (HCC70, HCC1143,
HCC1806, and MCF7), the MAGE-D1 protein level was significantly reduced as compared
to levels in the untransformed immortal mammary epithelial cell lines (Fig 6). In 21NT and
21MT-2 cells, the MAGE-D1 level was also reduced, although to a lesser extent. This
finding suggests that suppression of MAGE-D1 expression may be involved in the
tumorigenesis of a subset of sporadic breast cancers.

Discussion
To identify molecules involved in BRCA2 functions, we performed yeast two-hybrid
screening and identified MAGE-D1 as a BRCA2 binding protein. We demonstrated that
endogenous BRCA2 and MAGE-D1 can interact in vivo. We also made the important
observation that BRCA2 can stabilize MAGE-D1. Expression of BRCA2 and MAGE-D1
synergistically suppresses the proliferation of mammary epithelial cells independently of the
p53 pathway. Furthermore, we demonstrated that MAGE-D1 acts downstream of BRCA2
and that BRCA2 suppresses cell proliferation via stabilizing MAGE-D1.

Using a set of BRCA2 mutants, we determined that the only MAGE-D1-binding domain on
BRCA2 localizes to a region between residues 2393 and 2952 in the BRCA2 protein. It is
notable that this region of BRCA2 encompasses almost the entire DSS1 binding domain (aa
2472-2957), the major part of BRCA2DBD (the DNA/DSS1-bindingdomain), and one of the
FANCG binding domains (aa 2350–2545) (12, 37, 38). This region has been reported to play
an important role in double-strand DNA breaks repair via homologous recombination and
activation of the Fanconi anemia pathway (12, 37, 38). However, the functional implication
of BRCA2 binding to MAGE-D1, DSS1, and FANCG at this region remain to be
determined.

How BRCA2 stabilizes MAGE-D1 remains to be elucidated. It has recently been reported
that BRCA2 can be co-purified with a ubiquitin E3 ligase complex, a holoenzyme complex
termed BRCC that contains BRCA1, BARD1, BRCC36, and BRCC45. BRCA1 and
BARD1 are proteins with a ring domain and exhibit ubiquitin ligase activities (18). Both
BRCC36 and BRCC45 harbor sequence homologous to a subunit of the signalosome and
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proteasome complexes. A reconstituted complex containing BRCA1/BARD1/BRCC45/
BRCC36 exhibits strong ubiquitin ligase activity (18). However, the way in which BRCA2
affects the ubiquitin ligase activity of BRCC holoenzyme has not been defined. Another
recent study found that BRCA2 also interacts with a deubiquitinating enzyme, USP11 (39).
An important BRCA2 binding protein, DSS1, was also found to be a component of the lid
complex of the 26S proteasome (40, 41). The relationships among these BRCA2 containing
complexes and their functions need to be elucidated. However, since all these BRCA2-
containing complexes are likely to regulate protein degradation, it is reasonable to
hypothesize that they regulate the stability of many target proteins. MAGE-D1 may be one
of these target proteins and its stability may be regulated by these BRCA2-containing
complexes.

It has been reported that expression of BRCA2 suppresses cell growth in vitro and tumor
growth in vivo (18). However, the mechanism that BRCA2 suppresses cell proliferation
remains undefined. Our finding that BRCA2 is able to suppress cell proliferation only in the
presence of MAGE-D1 expression strongly indicates that BRCA2 exerts its function via
stabilizing MAGE-D1. MAGE-D1 has been reported to suppress cell proliferation in several
cell lines, including 293 cells, MEF cells, U2OS cells, and HepG2 cells (26, 35). Using p53
null MEF cells, it was found that MAGE-D1-mediated-suppression of cell proliferation
occurs via the p53 pathway. However, our demonstration that MAGE-D1 can suppress cell
proliferation in a p53 null mammary epithelial cell line, 76R30 cells (36), indicates that in
mammary epithelial cells MAGE-D1 suppresses cell proliferation independently of the p53
pathway (Fig. 4). In corroboration of this finding, we found that MAGE-D1 is also capable
of inhibiting the proliferation of HeLa cells, which express only a very low level of p53 due
to the presence of HPV16 E6 (Fig. 5C). Furthermore, the previous report that MAGE-D1
can suppress the proliferation of 293 cells further supports our finding because the p53 in
293 cells is inactive due to the presence of E1B (26). This discrepancy may represent a cell-
type-specific function of MAGE-D1.

At present, we can only speculate about how MAGE-D1 inhibits cell proliferation
independently of the p53 pathway. Many MAGE-D1 partners have been identified recently,
including homeodomain transcription factors Dlx5, Dlx7, Msx1, and Msx2, p75
neurotrophin receptor, axon guidance receptor UNC5H, inhibitors of apoptosis proteins
(IAPs), ubiquitin ligase praja1, and Ror receptor kinases (19-26). Some of these MAGE-D1
binding partners may mediate the growth-suppressing function of MAGE-D1. Kuwajima T
et al. recently reported that Necdin interacts with Msx homeodomain proteins via MAGE-
D1 and promotes muscle differentiation by repressing cellular proliferation (21). It is likely
that MAGE-D1cooperates with Necdin to suppress cell proliferation via Msx in mammary
epithelial cells. Further studies are required to elucidate the proliferation-suppressing
pathway used by MAGE-D1.

Multiple functions have been ascribed to BRCA2, linking it to pathways that inhibit
progression to neoplasia. Heterozygous germline BRCA2 mutations predispose humans
specifically to breast and ovarian cancers (1-3). However, BRCA2 is rarely mutated in
sporadic breast and ovarian cancers (4). It is possible that distinct mechanisms targeting the
BRCA2 pathways operate in sporadic cases. Recently, Hughes-Davies et al. demonstrated
that EMSY, a BRCA2 interaction protein, was amplified in 13% of sporadic breast
carcinomas and in 17% of sporadic ovarian carcinomas (42). These investigators suggested
that overexpression of EMSY in sporadic breast and ovarian cancers may be functionally
equivalent to BRCA2 mutation in familial cases (42). In this study, we found that BRCA2
can stabilize MAGE-D1 and suppress cell proliferation via MAGE-D1. MAGE-D1 acts
downstream of BRCA2 and mediates the growth-suppressing function of BRCA2.
Disruption of the function of MAGE-D1 by mutation, deletion, or suppression of expression
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should be functionally equivalent to BRCA2 mutations in disrupting BRCA2 function.
Consistent with this hypothesis is our finding that, as compared MAGE-D1 expression in
untransformed immortal cell lines, the expression level of MAGE-D1 was reduced in 6 of
the 16 breast carcinoma cell lines we examined. This suggests that suppression of MAGE-
D1 expression may be involved in the tumorigenesis of a subset of sporadic breast cancers.
Biochemical and genetic analyses of MAGE-D1, a BRCA2 binding partner, would provide
important insights into a pathway that is likely to be disrupted in human breast and ovarian
carcinomas.
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Fig. 1. Binding of MAGE-D1 and BRCA2
(A). Diagram of BRCA2 mutants. The binding of BRCA2 and its mutants to MAGE-D1 is
summarized.
(B). In vivo binding of BRCA2 and MAGE-D1. 293T cells were transfected with Myc-
tagged full-length MAGE-D1 and Flag-tagged BRCA2 and its mutants. The cells were
harvested 48 hours after transfection in LSAB. BRCA2 and its mutants were
immunoprecipitated using anti-Flag antibody. The immunoprecipitated protein complexes
were fractionated and immunoblotted using anti-Myc antibody (9E10) to detect Myc-
MAGE-D1. The blot was re-probed using anti-Flag antibody to detect BRCA2 and its
mutants. A 4% (right panel) and a 7.5% (left panel) PAGE gels were used to fractionate the
full-length BRCA2 and its mutants of varied molecular weight (from 58kd-380kd).
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Fig. 2. Endogenous binding of MAGE-D1 and BRCA2 in vivo
(A). Characterization of anti-MAGE-D1 antibody. Cell lysates (50μg of total protein) from
76NTert, 76R30, MCF-7, HeLa, 293T, and 293T cells transfected with 5 μg of pCR3.1 or
4xMyc-MAGE-D1 were fractionated by SDS-PAGE and immunoblotted using affinity-
purified anti-MAGE-D1 or anti-Myc antibodies.
(B). In vivo binding of endogenous MAGE-D1 and endogenous BRCA2. 293T cells and
CAPAN-1 cells were harvested in RIPA buffer (without SDS). The cell lysates were
immunoprecipitated using preimmune, anti-BRCA2-C2 and anti-MAGE-D1 antisera. The
immunoprecipitated protein complexes were fractionated and immunoblotted using anti-
BRCA2 (BRCA2 ab1, Oncogene Science) and anti-MAGE-D1 antibodies.
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Fig. 3. BRCA2 expression stabilizes MAGE-D1
(A). MAGE-D1 protein levels when co-transfected with increasing amounts of BRCA2.
293T cells were transfected with 0.2 μg pBB14-GFP and 0.2 μg Myc-tagged MAGE-D1
alone or with increasing amounts of Flag-tagged BRCA2, as indicated. Cell lysates were
prepared 48 hr after transfection and analyzed for Myc-MAGE-D1 and Flag-BRCA2 protein
levels by immunoblotting using anti-Myc or anti-Flag antibodies. Immunoblotting using
anti-GFP antibody was used to control transfection efficiency. (B). MAGE-D1 protein level
when co-transfected with wild-type BRCA2 or BRCA2δC2 (BRCA2 mutant devoid of the
MAGE-D1 binding domain). (C). Half-life of MAGE-D1. 293T cells were transfected with
Myc-tagged MAGE-D1 alone (upper panel) or with Flag-tagged BRCA2 (lower panel).
Cycloheximide (final concentration 10 μg/ml) was added 48 hr after transfection to inhibit
nascent protein synthesis. Cell lysates were prepared at the indicated time points after the
addition of cycloheximide, followed by immunoblotting using anti-Myc and anti-α-tubulin
antibodies to determine the turnover of MAGE-D1 protein. The numbers under the panels
are quantification analyses of the signals as obtained by use of LabWorks software (UVP,
Inc, Upland, CA).
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Fig. 4. BRCA2 and MAGE-D1 synergistically suppress cell proliferation
(A) BrdU incorporation assay in 76NTert cells. 76NTert cells plated on coverslips in 24-
wells plate were transfected with 0.5 μg MAGE-D1 and 1.5μg BRCA2, alone or in
combination, together with pBB14-GFP (0.2 μg). The cells were incubated for 48 hr after
transfection, then labeled with BrdU for 1 hr. The cells were fixed and stained using an anti-
BrdU antibody. The DNA was stained with DAPI. Note that most of BRCA2 or MAGE-D1
transfected cells (GFP-positive cells) are negative for BrdU staining, while many vector-
transfected cells (GFP-positive) or untransfected cells (GFP-negative) are positive for BrdU
staining. (B and C) BRCA2 and MAGE-D1 synergistically suppress cell proliferation.
76NTert or 76R30 cells were transfected with MAGE-D1 and BRCA2, alone or in
combination, as indicated, and assayed for BrdU incorporation as described in (A). The
percentage of cells positive for BrdU staining was quantified in at least 300 transfected cells
(GFP-positive cells). Each value represents the average and standard deviation from three
independent experiments. The percentage of cells positive for BrdU staining was
significantly lower in cells transfected with BRCA2, MAGE-D1, or MAGE-D1+BRCA2
than in cells transfected with vector alone (P < 0.05).
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Fig. 5. BRCA2-mediated-suppression of cell proliferation is dependent on the expression of
MAGE-D1
(A) Western blotting analysis of 293T cells transfected with vector or MAGE-D1 RNAi
constructs. 293T cells were transfected with vector or two MAGE-D1 RNAi constructs.
After 48 hr, cells were harvested and fractionated through a SDS-PAGE gel, then blotted
using anti-MAGE-D1 and anti-α-tubulin antibodies. (B). Silencing of MAGE-D1 expression
by MAGE-D1 RNAi attenuated BRCA2 expression-mediated suppression of cell
proliferation. 76NTert and 76R30 cells were transfected with 1.5μg BRCA2 alone or in
combination with 0.5μg MAGE-D1 RNAi, together with pBB14-GFP (0.2μg), then BrdU
incorporation was quantified as described in Fig. 4(B). The percentage of cells positive for
BrdU staining was significantly lower in cells transfected with BRCA2 than in cells
transfected with vector alone or BRCA2 plus MAGE-D1 RNAi (P < 0.05). (C) BRCA2
expression does not suppress cell proliferation in cells with a low level of MAGE-D1. HeLa
and MCF-7 cells were transfected with BRCA2 and MAGE-D1 alone or in combination.
BrdU incorporation was quantified as described in 4(B). The percentage of cells positive for
BrdU staining was not lower in cells transfected with BRCA2 than in cells transfected with
vector alone. However, the percentage of cells positive for BrdU staining was significantly
lower in cells transfected with MAGE-D1 or BRCA2+MAGE-D1 than in cells transfected
with vector alone. (P<0.05).
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Fig. 6. MAGE-D1 protein expression in untransformed immortal mammary epithelial cell lines
and breast carcinoma cell lines
Lysates prepared in sample buffer from the cell lines indicated were fractionated on a SDS-
PAGE gel and blotted with anti-MAGE-D1 and anti–α–tubulin antibodies (loading control).
76NTert, MCF-10A, 184A1, and 184B5 are untransformed immortal mammary epithelial
cell lines; the others are breast carcinoma cell lines.
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