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Mutations in breast cancer susceptibility gene 1 and 2 (BRCA1 and
BRCA2) predispose individuals to breast and ovarian cancer devel-
opment. We previously reported an in vivo interaction between
BRCA1 and BRCA2. However, the biological significance of their
association is thus far undefined. Here, we report that PALB2, the
partner and localizer of BRCA2, binds directly to BRCA1, and serves
as the molecular scaffold in the formation of the BRCA1-PALB2-
BRCA2 complex. The association between BRCA1 and PALB2 is
primarily mediated via apolar bonding between their respective
coiled-coil domains. More importantly, BRCA1 mutations identified
in cancer patients disrupted the specific interaction between
BRCA1 and PALB2. Consistent with the converging functions of the
BRCA proteins in DNA repair, cells harboring mutations with
abrogated BRCA1-PALB2 interaction resulted in defective homol-
ogous recombination (HR) repair. We propose that, via its direct
interaction with PALB2, BRCA1 fine-tunes recombinational repair
partly through its modulatory role in the PALB2-dependent loading
of BRCA2-RAD51 repair machinery at DNA breaks. Our findings
uncover PALB2 as the molecular adaptor between the BRCA pro-
teins, and suggest that impaired HR repair is one of the funda-
mental causes for genomic instability and tumorigenesis observed
in patients carrying BRCA1, BRCA2, or PALB2 mutations.

BRCA1 � BRCA2 � FANCN

Breast cancer and ovarian cancer is estimated to be respon-
sible for more than one-fifth of cancer mortality (1). Because

germ-line mutations in breast cancer susceptibility gene 1 and 2
(BRCA1 and BRCA2) account for the development of a signif-
icant portion of hereditary breast and ovarian cancer, the
understanding of their roles in tumor suppression is crucial to the
improvement of therapeutic interventions. Because accumula-
tion of genetic aberrations are often observed in cells derived
from familial breast cancer patients with BRCA1 or BRCA2
mutations, the BRCA proteins have been considered as the
caretakers of genomic integrity. Accordingly, tumor cells derived
from these patients exhibit hypersensitivity to DNA damaging
agents and display genomic instability (2–4).

Given the similar phenotypes in BRCA1 and BRCA2 patients,
and the spectrum of deficits observed in cells deficient in these
proteins, one would envision that the BRCA proteins might work
in synchrony in certain cellular process(es) essential for tumor
suppression. Consistent with this notion, interaction between the
2 BRCA proteins has been reported (5). However, exactly how
their interaction is regulated and the biological significance for
such interaction remains largely unexplored.

BRCA1 participates in numerous cellular processes (3, 6–8).
In particular, BRCA1 has been proposed to have diverse roles to
promote cell survival in response to genotoxic stress. Recent
elucidation of multiple BRCA1 complexes in vivo suggests a
multifactorial model by which BRCA1 mediates distinct pro-
cesses that include checkpoint activation, damage signaling, and
DNA repair (9, 10). However, BRCA2 has a pivotal role in the
initiation of DNA repair, namely by loading of repair protein
RAD51 onto single-stranded DNA for homologous recombina-
tion (HR) (11–13). More recently, Xia et al. (14) identified
PALB2, the partner and localizer of BRCA2, as an essential

component that is required for the loading of the BRCA2-
RAD51 repair complex onto DNA. Similar to BRCA1 and
BRCA2, PALB2 mutations have also been implicated in the
predisposition of individuals to breast cancer development (15–
20). That patients harbor PALB2 mutation carries normal
BRCA1 and BRCA2 suggests that these 3 proteins might be
functionally linked.

In the current study, we provide direct evidence to support
that PALB2 serves as the bridging molecule that connects
BRCA1 and BRCA2. Our data suggest that PALB2 is an integral
component of the BRCA1-BRCA2-RAD51 axis, which is crit-
ical for the maintenance of genomic stability via recombinational
repair.

Results
BRCA1 Is a PALB2 Interacting Protein. To identify proteins that
interact with PALB2, we adopted a tandem affinity purification
(TAP) scheme using lysate derived from 293T cells stably
expressing streptavidin binding peptide-Flag-S protein (SFB)-
tagged PALB2. Mass spectrometry analyses of proteins that
copurified with PALB2 revealed peptides that corresponded not
only to BRCA2, but also BRCA1 (Fig. 1A). By employing insect
SF9 cells and baculovirus expression system, we confirmed that
PALB2 does indeed interact directly with BRCA1 (Fig. 1B; Fig.
S1b). To examine whether endogenous PALB2 and BRCA1
interact in vivo, we performed coimmunoprecipitation (coIP)
experiment using 293T cell lysate. Consistent with TAP results,
both PALB2 and BRCA2 were found in BRCA1 precipitates
(Fig. 1C). Conversely, BRCA1 and BRCA1-interacting proteins
CtIP and BACH1 were also observed in PALB2 immunopre-
cipitates (Fig. 1D), suggesting that PALB2 is a component of
BRCA1 complexes in vivo.

BRCA1 Exists in a Protein Complex with PALB2 and BRCA2. Because
it has been reported that a significant portion of PALB2
associates with BRCA2 (14), and BRCA1 also interacts with
BRCA2 (5), we asked whether BRCA1, PALB2, and BRCA2
coexist in a protein complex. We performed gel filtration
chromatography using nuclease-treated 293T cell lysate to iden-
tify possible native protein complexes that contain BRCA1,
PALB2, and BRCA2. All of the 3 proteins were found in
overlapping fractions that corresponded to �2 MDa (Fig. 1E).
These results indicated that BRCA1, BRCA2, and PALB2
possibly exist as a protein complex in vivo. Also, CtIP and
BACH1, as well as RAD51 and RPA, were also concentrated in
these fractions.

To further substantiate that PALB2 and the BRCA proteins
form a single complex, serial immunodepletion experiment was
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also performed. Consistent with previous observations (14),
PALB2 depletion resulted in a significant reduction (�50%) in
the amount of BRCA2 (Fig. 1F). Also, PALB2 and BRCA2
protein levels were also reduced on BRCA1 depletion. Together,
these results suggest that at least a fraction of BRCA1 associates
with PALB2 and BRCA2 as a single protein complex.

One common feature of many DNA damage/repair proteins is
their ability to localize and concentrate at sites of DNA breaks,
forming discrete foci that colocalize with the double-stranded
DNA break marker pH2AX. Because we found that BRCA1
associates with PALB2 and BRCA2 in vivo, we examined the
extent of colocalization among these 3 proteins at DNA breaks
in U2OS cells after ionizing radiation (IR). As shown in Fig. S1c,
foci structures that contained BRCA1 and BRCA2, BRCA1 and
PALB2, or BRCA1 and RAD51 were easily observed. Quanti-
fication analyses indicate that most of the PALB2, BRCA2, and
RAD51 foci colocalize with that of BRCA1 (�80%; Fig. S1d),
which is similar to the extent of colocalization between PALB2
and RAD51 in PALB2-deficient EUFA1341 cell that has been
reconstituted with flag-PALB2. These results suggest that the
protein complex containing BRCA1, PALB2, and BRCA2 is
concentrated at sites of DNA breaks, and may have a role in
DNA damage signaling and/or DNA repair.

PALB2 Serves As the Molecular Scaffold for the Formation of BRCA
Protein Complex. To study the functional significance of this
complex formation, we first mapped the regions required for the
BRCA1/PALB2 interaction. SFB-tagged wild-type PALB2 and
a series of deletion mutants that span the entire PALB2 ORF
(Fig. S2 a) were subjected to coIP with full-length myc-BRCA1.
Results showed that the PALB2 N terminus (P2F1; residues
1–319) is responsible for BRCA1 binding (Fig. S2b). Because a
coiled-coil domain (residues 9–42) resides within this region, we

tested whether it might be responsible for the association of
PALB2 with BRCA1. Indeed, deletion mutant lacking the
coiled-coil structure (P2�N42) was defective in BRCA1 binding
(Fig. S2c), suggesting that BRCA1 binds directly to the very N
terminus of PALB2.

Next, we sought to define the PALB2-binding region on
BRCA1. We made use of a panel of myc-tagged deletion mutants
that span the BRCA1 coding sequence (Fig. S3a). Pull-down
assays indicated that full-length BRCA1 specifically associated
with PALB2 in vitro (Fig. S3b). Further GST pull-down mapped
the PALB2-binding region to residues 1314–1557 (Fig. S3 a and
b). A more refined series of deletion mutants (Fig. S3c) nar-
rowed down the binding region to residues 1364–1437 (Fig. S3d).
Interestingly, this region (residues 1364–1437) of BRCA1 also
harbors a putative coiled-coil domain. Internal deletion mutants
of the predicted BRCA1 coiled-coil domains (B1�CC1 and
B1�CC2) were generated (Fig. S3c). CoIP experiments demon-
strated that although the wild-type and the B1�CC1 coIPed with
PALB2, the B1�CC2 did not (Fig. S3e), indicating that the
second coiled-coil domain (CC2) on BRCA1 is essential for its
interaction with PALB2.

Intriguingly, the interaction domains between BRCA1 and
PALB2 identified in this study (Fig. S2 and Fig. S3) overlap with
the BRCA1-BRCA2 interaction domain identified previously
(5). This observation prompted us to speculate that PALB2 may
be the protein that links BRCA1 and BRCA2. To test this
possibility, lysates prepared from HeLa cells transfected with
control or PALB2 siRNA were subjected to IP by using anti-
BRCA1 antibodies. Results showed that BRCA2 coIPed with
BRCA1 only in the presence of PALB2 (Fig. 1G), suggesting that
the interaction between BRCA1 and BRCA2 requires PALB2.
Likewise, the BRCA1 and BRCA2 interaction was not observed
in the PALB2 deficient EUFA1341 cells (Fig. 1H). However,
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Fig. 1. Identification of PALB2 as an integral compo-
nent of the BRCA protein complex. (A) Cell lysate pre-
pared from 293T cells expressing SFB-PALB2 was sub-
jected to TAP. PALB2-associated proteins were
subsequently separated by SDS/PAGE and visualized by
silver staining. Mass spectrometry analyses revealed
the identities of the PALB2-associated proteins and
their respective numbers of peptides obtained were
shown in brackets. (B) SF9 cells were coinfected with
baculoviruses expressing His-Flag-BRCA1 in addition to
those expressing GST-PALB2, GST-BARD1, or GST-WTX.
Cell lysates were subjected to IP by using anti-Flag (M2)
beads. Immunoblotting was conducted as indicated.
(C) CoIP of BRCA1 with PALB2 and BRCA2 was carried
out using anti-BRCA1 antibody and immunoblotted
with indicated antibodies. (D) Detection of PALB2-
associated proteins; 293T cell lysates were subjected to
IP using anti-PALB2 serum, and immunoblotting was
carried out using antibodies as indicated. (E) Gel filtra-
tion chromatography analysis was performed using
293T cell lysate. Proteins eluted from the indicated
fractions were separated by SDS/PAGE and analyzed by
Western blotting using antibodies as indicated. (F) The
293T cell lysates were subjected to 3 rounds of immu-
nodepletion using rabbit polyconal antibodies specif-
ically raised against BRCA1, PALB2, or BRCA2. The re-
sulting supernatants were examined for the presence
of remaining BRCA1, PALB2, BRCA2, and 53BP1 con-
tent by immunoblotting using corresponding antibod-
ies. (G) HeLa cells transfected with control or PALB2
siRNAs were subjected to IP using anti-BRCA1 anti-
body. Immunoblotting of whole-cell extracts or IPed samples was performed using antibodies as indicated. (H) Anti-BRCA2 IP was performed using lysates
prepared from PALB2-deficient EUFA1341 cells or derivative cells reconstituted with HA-Flag-tagged PALB2. Immunoblotting of whole-cell extracts or IPed
samples was performed using antibodies as indicated. (I) PALB2 bridges the BRCA1 and BRCA2 interaction in vitro. SF9 cells were infected with baculoviruses
expressing His-Flag-BRCA1 and SFB-BRCA2, together with viruses expressing either GST-PALB2 or GST-PALB2 �N42. IP was carried out using streptavidin beads
and immunoblotted with antibodies as indicated.
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when these cells were reconstituted with wild-type PALB2, the
BRCA1/BRCA2 interaction was readily detected (Fig. 1H).

To further substantiate the notion that PALB2 bridges the
interaction between BRCA proteins, coIP experiments were
performed using recombinant His-Flag-BRCA1 and SFB-
BRCA2 together with GST-PALB2 or GST-PALB2 �N42 ex-
pressed in insect cells. As shown in Fig. 1I, in the presence of
wild-type PALB2, BRCA2 associated with both PALB2 and
BRCA1. In contrast, BRCA1 failed to interact with BRCA2 in
cells expressing the PALB2 �N42 mutant, which has compro-
mised association with BRCA1 (Fig. S2c), although it exhibits
intact interaction with BRCA2 (Fig. 1I). These data firmly
established PALB2 as the bridging protein that mediates
BRCA1/BRCA2 interaction.

Structural Requirements for the BRCA1-PALB2 Interaction. Coiled-
coil domains are known to mediate protein–protein interactions.
Based on the results shown in Fig. S2 and Fig. S3, we suspected
that the BRCA1-PALB2 interaction might be mediated by
intermolecular interaction between their respective coiled-coil
motifs. Therefore, we further studied this interaction, and gen-
erated alanine substitution mutations for residues at position ‘‘a’’
in the heptad-helical coiled-coil arrangement on PALB2 (K14A,
L21A, Y28A, L35A, and E42A) (Fig. 2A). Pull-down experi-
ments using GST-BRCA1 showed that the interactions between
BRCA1 and the PALB2 L21A, Y28A, or L35A mutants were
largely abolished (Fig. 2B), indicating that these residues are
likely to be the contacting sites at the PALB2-BRCA1 interface.
Reconstitution of these PALB2 mutants into PALB2-deficient
EUFA1341 cells confirmed their compromised binding to
BRCA1, whereas these mutants interacted normally with
BRCA2 (Fig. 2C).

Within the coiled-coil domain of BRCA1 required for

PALB2-binding (residues 1364–1437), we identified 3 BRCA1
missense mutations found among cancer patients (the Breast
cancer information core database and the Human mutation
database). Strikingly, all of these patient mutations (M1400V,
L1407P, and M1411T) coincided with position a or ‘‘d’’ in the
heptad coiled-coil (CC2) on BRCA1 (Fig. 2 A). CoIP experi-
ments revealed that, unlike the control mutation R1443G, all of
the 3 point mutations within the BRCA1 CC2 region resulted in
attenuated PALB2 interactions (Fig. 2D), although they have
negligible effect on their interactions with BACH1 (Fig. 2E).
These results imply that the interaction between BRCA1 and
PALB2 may have a role in the tumor suppression functions of
these proteins.

Independent Requirements for PALB2 and BRCA1 Focal Accumulation
at DNA Double-Strand Breaks (DSBs). We next examined whether
the physical interaction between BRCA1 and PALB2 might be
important for their localization at sites of DNA breaks. IR-
induced BRCA1 foci were observed for wild-type BRCA1, as
well as all of the BRCA1 mutants within the CC2 region,
regardless of their PALB2-binding activity (Fig. S4 a and c).
Similarly, discrete foci were also detected for the BRCA1-
binding defective mutants of PALB2 (Fig. S4b), although a
reduction in the percentage of foci positive cells was observed for
some of these mutants when compared with wild-type PALB2
(Fig. S4d). However, the PALB2 �F mutation (lacking residues
71–561), which retains BRCA1-binding motif, showed a drastic
reduction in its foci formation capability (Fig. S4 b and d).
Therefore, the foci forming abilities of these PALB2 mutants do
not strictly correlate with their BRCA1-binding activities.

Exogenous PALB2 foci were also readily observed in
HCC1937 cells (Fig. 3 A and B), which express only a truncated
BRCA1 that lacks BRCT domain, and could not be recruited to
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Fig. 2. Determination of regions required for the
BRCA1-PALB2 interaction. (A) Graphical projection of
association between PALB2 (residues 9 – 42) and
BRCA1 (residues 1393–1424) coiled-coil domains. Posi-
tions of the heptad repeat (positions a to g) were
predicted by the Coil program (window � 28) (36).
Boxed residues were experimentally demonstrated to
be responsible for the hetero-oligomeric interaction
between PALB2 and BRCA1. (B and C) PALB2 position
a mutants disrupted the interactions of PALB2 with
BRCA1, but not that with BRCA2. Lysates prepared
from 293T cells expressing different SFB-PALB2 mu-
tants were subjected to pull-down assay using beads
coated with GST-B1F6 (B). Alternatively, PALB2-
deficient EUFA1341 cells were reconstituted with SFB-
tagged wild-type or mutants of PALB2, and IP was
carried out using anti-Flag M2 beads (C). Immunoblot-
ting was performed using indicated antibodies. Aster-
isks indicate mutants with disrupted binding with
BRCA1. (D) Patient-derived BRCA1 mutations abol-
ished the BRCA1-PALB2 association. CoIP experiments
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cate mutants with disrupted binding to PALB2. (E)
Interaction of wild-type or mutant BRCA1 with BACH1;
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site of DSB (Fig. S4e). This result indicates that sustained
localization of PALB2 at DNA breaks does not require prior
focal accumulation of BRCA1. It is noteworthy to mention that
PALB2 foci forming ability, although not entirely BRCA1-
dependent, as observed in and Fig. 3 A–C and Fig. S4, is modestly
elevated in HCC1937 cells reconstituted with wild-type BRCA1
(HCC1937�BRCA1) (Fig. 3B), suggesting that BRCA1 may
help stabilize PALB2 at DNA damage sites.

Previous report implicated an essential role of PALB2 in the
loading of BRCA2-RAD51 at DNA breaks (Fig. S5 a and b) (14,
21). In agreement with the proposed accessory role of BRCA1
in stabilizing PALB2 at DNA breaks, RAD51 foci were modestly
reduced (�2-fold) in HCC1937 cells, when compared with the
same cells reconstituted with wild-type BRCA1 (Fig. S5 c and d)
(22). To further explore whether BRCA1 might be essential for
focal accumulation of PALB2, BRCA2, and RAD51 after DNA
damage, we examined the localization of these proteins in U2OS
cells with siRNA-mediated depletion of BRCA1. BRCA1 de-
pletion led to a modest reduction in the foci forming ability of
PALB2, BRCA2, and RAD51 (Fig. 3 C–F). However, in con-
sistent with those observed in PALB2 deficient patient cells (Fig.
S5 a and b), PALB2 depletion in U2OS cells resulted in a
significant decrease in the number of cells containing damage-
induced BRCA2 or RAD51 foci (Fig. 3 C–F), confirming that
PALB2 is required for the stable accumulation of both BRCA2
and RAD51 at DNA damage sites. However, PALB2-depleted
cells still displayed apparent normal BRCA1 foci formation after
DNA damage (Fig. 3 C–F). Together, these results suggest that
BRCA1 and PALB2 are recruited to DNA lesions via indepen-
dent mechanisms.

The BRCA1-PALB2 Interaction Is Involved in HR Repair. Because
PALB2 has a critical role in HR repair through its ability to
recruit BRCA2 and RAD51 to DNA breaks, we tested whether
the interaction between BRCA1 and PALB2 may be involved in
HR. Using U2OS cells with a single integration of the DR-GFP
reporter, we found that gene conversion efficiency was reduced
by �3- or 4-fold in PALB2 or BRCA1-depleted cells (Fig. 4A).
To examine whether the direct interaction between PALB2 and
BRCA1 has a role in the documented BRCA1-mediated HR
repair, we introduced siRNA-resistant constructs of wild-type or
mutant BRCA1 into cells after the depletion of endogenous
BRCA1 by siRNA. FACS analyses indicated that reintroduction
of wild-type BRCA1 successfully restored gene conversion to
levels comparable with that of control cells (Fig. 4B; Fig. S6b).
By contrast, BRCA1 mutants defective in PALB2-binding failed
to fully rescue the gene conversion defect associated with
BRCA1 depletion. Also, the ability of BRCA1 in promoting
gene conversion closely correlates with its ability to interact with
PALB2. Although the introduction of L1407P and M1411T
failed to restore gene conversion in BRCA1-depleted cells, the
M1400V mutant, which has some residual PALB2-binding ac-
tivity (Fig. 2D), partially restored gene conversion activity (Fig.
4B; Fig. S6 b and c).

To further corroborate the importance of the BRCA1-PALB2
complex formation in HR repair, we also assessed rates of gene
conversion in PALB2-depleted U2OS cells reconstituted with
either wild-type PALB2 or its BRCA1-binding defective mu-
tants. Reintroduction of wild-type PALB2 restored efficient
gene conversion, whereas the L21A, Y28A, and L35A mutants
did not (Fig. 4C). As an extension to further validate the
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Fig. 3. Distinct requirements for sustained localiza-
tion of BRCA1 and PALB2 at DNA damage sites. (A)
IR-induced PALB2 foci formation in HCC1937 and
HCC937�BRCA1 cells was analyzed by coimmunos-
taining using anti-Flag and anti-pH2AX antibodies. (B)
Quantification of IR-induced foci formation of wild-
type or mutant PALB2 in HCC1937 or HCC1937�BRCA1
cells. (C–F) Representative pictures of coimmunostain-
ing of PALB2 (C), BRCA2 (D), and RAD51 (E) with BRCA1
in U2OS cells treated with control, BRCA1, or PALB2
specific siRNAs. (F) Quantification of the percentage of
foci positive cells as described in C–E.
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significance of the BRCA1-PALB2 interaction, mitomycin C
(MMC) sensitivity assay was performed using PALB2-deficient
EUFA1341 cells that have been reconstituted with wild-type or
mutants PALB2. EUFA1341 cells reconstituted with PALB2
�N42, L21A, Y28A, or L35A mutants were hypersensitive
toward MMC treatments, whereas the reintroduction of wild-
type PALB2 or its control K14A mutant rescued the MMC
hypersensitive phenotype (Fig. S6d). Together, these data sug-
gest that the physical interaction between BRCA1 and PALB2
has an instrumental role essential for HR repair and cell survival.

Discussion
In this study, we have uncovered PALB2 as an integral component
of the BRCA complex in vivo. Importantly, we found that PALB2
directly associates with BRCA1. We also provided biochemical
evidences to demonstrate the existence of the trimeric BRCA
complex containing BRCA1, PALB2, and BRCA2. We demon-
strated that the specific interaction between BRCA1 and PALB2 is
mediated by the coiled-coil motifs where mutations on the coiled-
coil domains, including cancer patient derived BRCA1 mutations,
would disrupt their complex formation. Functional analyses sug-
gested that HR repair would be compromised when the PALB2-
BRCA1 interaction is disrupted. These findings extend our earlier
study (5), underscore the importance of the BRCA1-PALB2-
BRCA2 complex in HR repair, and support the idea that distinct
BRCA1 macromolecular complexes participate in various aspect in
the DNA damage response.

BRCA1 has multiple roles in the cellular response to DNA
damage (3, 6–10). Besides its functions in DNA damage checkpoint
control, BRCA1 can also promotes cell survival via DNA repair (23,
24). Our findings that abrogation of the BRCA1-PALB2 interac-

tion resulted in HR repair defects and compromised cell survival on
DNA damage suggest that BRCA1 contributes to HR repair, at
least in part, via the PALB2-BRCA2-RAD51 axis. That BRCA1,
and its interaction with PALB2, is required for optimal formation
of RAD51-ssDNA nucleoprotein filament (Fig. S7 a and b) is
entirely consistent with this hypothesis. Given that BRCA1 also
interacts with CtIP and BACH1, both of which have documented
nonoverlapping roles at various steps of HR repair (25–29), it will
be interesting to examine how each of these BRCA1 macrocom-
plexes work in concert in the maintenance of genome stability.

Domain mapping studies revealed that the BRCA1-PALB2
interaction is mediated via their respective coiled-coil motifs, and
is independent from the BRCA1 BRCT domain (Fig. 2; Fig. S3).
This observation is striking, considering that distinct BRCA1
macrocomplexes, including those that contains CtIP, BACH1, and
the CCDC98/RAP80 complex, respectively, are selectively formed
via the BRCA1 BRCT domain. This result suggests that PALB2
might be present among the various BRCA1 macrocomplexes.
Indeed, both CtIP and BACH1 were found in PALB2 precipitates
(Fig. 1D). Thus, the existence of BRCA1-PALB2 complex that
contains CtIP or BACH1 highlights the possibility that BRCA1 may
coordinate and fine-tune DNA repair via its ability to monitor
processes including DNA resection and RAD51 loading simulta-
neously. Indeed, besides its interaction with PALB2, a requirement
of the BRCA1 BRCT domain for efficient RAD51 foci formation
(Fig. S5 and Fig. S6a), and optimal HR repair (Fig. 4B; Fig. S6 b
and c), was also observed, and parallels the repair deficits in CtIP
and BACH1-depleted cells (Fig. S7). Also, codepletion of PALB2
and CtIP or BACH1 demonstrated further reductions in gene
conversion rates, as compared with PALB2-depleted cells (Fig.
S7e). All these results, together, imply that BRCA1 may have
accessory functions at multiple steps during HR repair via its
associations with several of these proteins directly involved in HR
processes.

Notably, disruption of the BRCA1-PALB2 interaction, although
resulted in profound effects in HR repair and MMC hypersensi-
tivity, did not noticeably affect the intra-S-phase checkpoint (Fig. S8
a and b), revealing the function specificity for the complex forma-
tion. We now know that through its phosphorylation-dependent
interaction with the CCDC98/RAP80 complex, the BRCA1 BRCT
domain is required for its damage-induced focal accumulation at
sites of DNA damage (30–34). Intriguingly, our data demonstrated
that BRCA1 only has an accessory role in the focal concentration
of PALB2 and RAD51 at DSBs (Fig. 3; Fig. S4, Fig. S5, Fig. S6a,
and Fig. S8c). This observation suggests that other factors or
activities might be more important for the sustained localization of
PALB2 at DNA lesions. We speculate that, although BRCA1 is not
essential for sustained localization of PALB2 at DNA breaks,
BRCA1 may stabilize PALB2 at the sites of DNA damage by
serving as an additional anchor point for PALB2 at DSBs (Fig. 4D).

Mutations in BRCA1 predispose individuals to early develop-
ment of breast and ovarian cancers. Given the prominent role of
BRCA1 in protecting genome integrity, one would speculate that
clinical mutations found among BRCA1 patients might provide
mechanistic insights into its tumor suppressing function in vivo.
Accordingly, our study exploited the patient derived BRCA1
missense mutations residing within its PALB2-interacting coiled-
coil motif. The altered BRCA1-PALB2 interaction (Fig. 2; Fig. S2
and Fig. S3) and, thus, the BRCA1-PALB2-BRCA2 complex
formation, together with DNA repair deficits observed with these
patient-derived BRCA1 mutations, strongly suggest that in vivo
assembly of the BRCA complex through PALB2 likely constitutes
an important event required for their tumor suppressor functions.
These results may also explain the similar phenotype observed in
patients harboring mutations in each of these 3 proteins. Together
with the observation that the BRCA1 BRCT mutant M1775R also
displays significant DNA repair deficits (Fig. 4B; Fig. S6 b and c),
our data support the idea that various BRCA1 functions converge
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Fig. 4. The BRCA1-PALB2 interaction is required for homologous recombi-
nation repair. (A) Gene conversion was assessed in U2OS DR-GFP cells treated
with control, PALB2, or BRCA1-specific siRNAs. Percentage of GFP positive cells
was determined by FACS analyses 48 h posttransfection. Relative gene con-
version efficiency was normalized using control siRNA transfected cells, which
was set as 100%. (B) Relative gene conversion was determined in BRCA1-
depleted U2OS cells reconstituted with siRNA-resistant wild-type or mutant
BRCA1. (C) Gene conversion was determined in PALB2-depleted cells trans-
fected with empty vector, or reconstituted with siRNA-resistant wild-type or
mutant PALB2. Relative gene conversion efficiency was normalized using cells
reconstituted with wild-type PALB2, which was set as 100%. (D) A working
model of the BRCA1/BRCA2/PALB2 complex in the DNA damage response.
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and contribute to its role in HR repair and its tumor suppressor
activity.

Materials and Methods
Antibodies. Monoclonal antibody against the FLAG epitope (M2) and Myc
epitope (9E10) were purchased from Sigma and Covance, respectively. Mouse
monoclonal anti-RPA1, RPA2 and BRCA1 (SD118) antibodies were purchased
from Calbiochem. Anti-GST-HRP was purchased from Santa Cruz. Rabbit poly-
clonal anti-RAD51, anti-BRCA2, and anti-BRCA1 antibodies were generous
gifts from David Livingston. Rabbit polyclonal anti-pH2AX, BACH1, CtIP, and
53BP1 antibodies used were described previously (9, 27, 35). Rabbit polyclonal
anti-PALB2 antibodies were generated by immunizing rabbits with recombi-
nant GST-PALB2 fragments (containing residues 463–814 and 611–764 of
PALB2), which were expressed and purified from Escherichia coli.

Purification of PALB2-Associated Protein Complex. 293T cells expressing SFB-
PALB2 were lysed with NETN (20 mM Tris�HCl, pH 8/100 mM NaCl/1 mM
EDTA/0.5% Nonidet P-40) on ice for 20 min, followed by centrifugation at
13,000 � g for 20 min at 4 °C. Supernatant was incubated with streptavidin
beads for 2 h at 4 °C. Bound complex was eluted with 2 mg/mL biotin diluted
in NETN. Supernatant was further incubated with S protein conjugated aga-
rose beads for 2 h at 4 °C. Beads were washed 3 times with NETN buffer, and
proteins bound to the beads were eluted by boiling with SDS sample buffer.
Proteins were resolved by SDS/PAGE, stained with silver. Visible bands were
excised for mass spectrometry protein identification (Taplin biological mass
spectrometry facility, Harvard University, Cambridge, MA).

Serial Immunodepletion Experiments. Cell lysate was subjected to immunodeple-
tion using indicated antibodies coupled to protein A beads for 2 h. Supernatant
was saved and immunodepleted for 2 additional rounds. Thereafter, cell lysates
were boiled in SDS loading buffer and analyzed by immunoblotting.

Protein Production in Insect Cells. Baculoviruses expressing His-Flag-BRCA1 or
GST-BARD1 were gifts from Richard Baer. The coding sequences of full-length
PALB2, BRCA2, WTX, and PALB2 N42 were transferred to pDEST20 vector for the
expression of GST-fusion proteins in insect cells. Transposition occurred in
DH10BaccompetentcellsandcorrectbacmidsconfirmedbyPCRweretransfected
into SF9 cells for baculovirus production. Protein expression was confirmed by
SDS/PAGE, Coomassie blue staining, and Western blotting. For coIP experiments,
SF9 cells infected with corresponding baculoviruses were lysed in NETN for 20 min
on ice, and the crude lysate was clarified by centrifugation (13,000 � g, 10 min).

Supernatant was saved, and pellet was digested with Benzoase for 1 h at 4 °C and
clarified again by centrifugation. Pooled supernatant was used for coIP.

Immunostaining. Cells were treated with 10 Gy of gamma radiation. After recov-
ery, cells were washed with PBS, fixed at room temperature with 3% parafor-
maldehyde for 12 min, permeabilized with 0.5% triton for 3 min, and then
immunostained with appropriate antibodies for 30 min. Whenever transfection
wasneeded,cellsweretransfectedwith indicatedconstructsusingLipofectamine
2000 (Invitrogen), and irradiated 24 h posttransfection. For detection of RPA foci,
cells grown on coverslips were first permeabilized with 0.5% triton for 2.5 min,
washed twice with PBS, and fixed with 3% paraformaldehyde for 15 min at room
temperature before incubation with primary anti-RPA antibodies. After incuba-
tion with primary antibodies, cells were washed twice with PBS and immuno-
stained with Rhodamine-conjugated goat anti-mouse and/or FITC-conjugated
goat anti-rabbit antibodies for 30 min. Nuclei were counterstained with DAPI.
Images were visualized and captured (Nikon Eclipse 800 microscope). For foci
quantification, all of images were captured at identical exposure time, and 100
cells were counted for duplicated experiments.

Gene Conversion Assay. U2OS cells (3 � 106) stably expressing DR-GFP substrate
and pCBASce plasmid were electroporated with 8 �g pCBASce plasmid at 250V,
975 �FbyusingaBio-Radgenepulsar II. For thereintroductionofBRCA1orPALB2
after siRNA-mediated depletion, constructs containing either BRCA1 or PALB2
wereelectroporatedtogetherwiththepCBASceconstruct intothecell.Cellswere
then plated onto 10-cm dishes and incubated in culture media for 48 h before
FACS analyses. Cells were analyzed in a Becton-Dickinson FACScan on a green
(FL1) versus orange (FL2) fluorescence plot. Results represent average of 2 to 3
independent experiments (mean � SEM).

For more details, see SI Materials and Methods.
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