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Abstract
BRCA1 and BRCA2 are prominently associated with
inherited breast and ovarian cancer. The encoded proteins
function in DNA damage responses, but no functional link
between BRCA1 and BRCA2 has been established. We show
here that PALB2 physically and functionally connects
BRCA1 and BRCA2 into a DNA damage response network
that also includes the RAD51 recombinase. PALB2 directly
binds BRCA1, as determined with bacterially expressed
fragments of each protein. Furthermore, PALB2
independently interacts with BRCA1 and BRCA2 through its
NH2 and COOH termini, respectively. Critically, two point
mutants (L21P and L24P) of the PALB2 coiled-coil domain or
an NH2-terminal deletion (Δ1-70) disrupt its interaction with
BRCA1. We have reconstituted PALB2-deficient cells with
PALB2Δ1-70, PALB2-L21P, or PALB2-L24P, or with
COOH-terminally truncated PALB2 that is deficient for
interaction with BRCA2. Using extracts from these cells,
we find that PALB2 mediates the physical interaction of
BRCA2 with a COOH-terminal fragment of BRCA1. Analysis
of the assembly of foci in these cells by BRCA1, PALB2,
BRCA2, and RAD51 suggests that BRCA1 recruits PALB2,
which in turn organizes BRCA2 and RAD51. Resistance to
mitomycin C and the repair of DNA double-strand breaks
by homologous recombination require the interaction of
PALB2 with both BRCA1 and BRCA2. These results suggest
that BRCA1 and BRCA2 cooperate in DNA damage
responses in a PALB2-dependent manner, and have
important implications for the genesis of breast/ovarian
cancer and for chemotherapy with DNA interstrand
cross-linking agents. (Mol Cancer Res 2009;7(7):1110–8)

Introduction
BRCA1 and BRCA2 are the major genes associated with
inherited susceptibility to breast and ovarian cancer (1-4). Cells
that are deficient for either protein share similar phenotypes,
including hypersensitivity to DNA interstrand cross-linkers,
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such as mitomycin C (MMC), and defective repair of DNA
double-strand breaks (DSB) by homologous recombination
(HR; reviewed in refs. 5, 6). These observations suggest that
BRCA1 and BRCA2 function in cellular responses to DNA
damage. Importantly, BRCA1 and BRCA2 have not been functionally linked (reviewed in refs. 5-7). Although it has been reported that BRCA1 and BRCA2 coimmunopurify (8-10), the
interaction may be indirect and may involve only a small proportion of either protein (6, 7).
PALB2 (partner and localizer of BRCA2) is also a breast
cancer susceptibility gene (11-13) and was first identified by
its interaction with BRCA2 protein (14). PALB2 is required
for the localization of BRCA2 to sites of DNA damage (14).
BRCA2, in turn, regulates the recruitment of RAD51 to
DNA damage foci and its assembly into nucleoprotein filaments that initiate HR through strand invasion (15-17). How
PALB2 is localized has not been determined, however.
PALB2 has also been identified as the Fanconi anemia gene
FANCN (18, 19). Fanconi anemia is associated with chromosome instability and a predisposition to cancer (reviewed in
ref. 20). EUFA1341 cells, derived from a Fanconi anemia patient, lack PALB2 and are hypersensitive to MMC (18).
Here, we show that an NH2-terminal coiled-coil domain of
PALB2 is required for coimmunoprecipitation of PALB2 with
BRCA1 and for the localization of PALB2. Furthermore, PALB2
directly binds BRCA1. Importantly, numerous BRCA2-dependent functions require the capacity of PALB2 to interact with
both BRCA1 and BRCA2, including the assembly of BRCA2
foci, the assembly of RAD51 foci, HR, and resistance to
MMC. These results show that BRCA1, PALB2, BRCA2, and
RAD51 function in a DNA damage response pathway that culminates in HR. Together, our results suggest that PALB2 serves
as a physical and functional linker between BRCA1 and
BRCA2. Defects at any step in this pathway may increase genetic instability, thereby leading to cancer susceptibility.

Results
Interaction with BRCA1 Regulates PALB2 Behavior
Because PALB2 localizes BRCA2 to DNA damage foci
(14), we sought to determine how PALB2 itself is recruited
to sites of DNA damage. Given that BRCA1 scaffolds DNA
damage responses (21), we considered whether BRCA1 may
have a role in this process. First, we examined whether PALB2
and BRCA1 associate using a coimmunoprecipitation assay
(Fig. 1A). PALB2 and BRCA1 coimmunoprecipitated from extracts of MCF7 mammary adenocarcinoma cells, HeLa, and
293T cells using antibodies against either protein.
Knowing that the proteins associate in a complex, we then
determined whether BRCA1 localizes PALB2 in HCC1937
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FIGURE 1. PALB2 and
BRCA1 coimmunoprecipitate
and BRCA1 regulates PALB2
behavior. A. Levels of PALB2
and BRCA1 in extracts from
undamaged MCF7, HeLa, or
293T cells are indicated by immunoblotting (input). These
samples represent 2% of the
amount of protein used for
immunoprecipitation with
anti-PALB2 or anti-BRCA1
antibodies. Preimmune serum
for the PALB2 antibody was
used as a control. B. Representative images of the
assembly of PALB2 foci in
HCC1937 cells, which are deficient for BRCA1, or their
counterparts corrected by
expression of BRCA1. Cells
were fixed at 16 h following
exposure to 15 Gy IR, and
the position of nuclei was
determined by counterstaining
with 4′,6-diamidino-2-phenylindole (DAPI). C to E. Quantification of the assembly of
PALB2 (C), BRCA2 (D), and
RAD51 (E) foci in HCC1937
or their corrected counterparts.
Cells were exposed to 15 Gy
IR and were fixed after 16 h,
or were left untreated (Untr.),
and average values ± SD
were determined from three
independent counts of 150 or
more cells each.

cells (Fig. 1B-C). HCC1937 cells express a BRCA1 mutant
truncated in its COOH terminus (8). PALB2 foci did not form
in HCC1937 cells but did assemble in their counterparts
corrected by expression of BRCA1, as shown in images in
Fig. 1B. As shown by quantification, assembly of PALB2 foci
was defective both in untreated populations of HCC1937 cells
and following exposure to ionizing radiation (IR; Fig. 1C).
There are conflicting reports about the assembly of RAD51
foci in HCC1937 cells (16, 22), and localization of BRCA2 to
laser-induced DSBs, but not foci, has been examined previously
in these cells (23). Thus, we tested the same HCC1937 cells for
the assembly of BRCA2 (Fig. 1D) and RAD51 (Fig. 1E) nuclear
foci. In our hands, the assembly of BRCA2 and RAD51 foci
was deficient in HCC1937 cells, either with or without exposure
to IR. These defects were corrected by restoration of BRCA1.
Thus, BRCA1 appears to regulate the assembly of nuclear foci
by PALB2, BRCA2, and RAD51, all of which interact (14).
Leu 21 and Leu 24 in the PALB2 Coiled-Coil Domain
Mediate PALB2 Interaction with BRCA1
Next, we transiently expressed HA-Flag epitope-tagged
mutants of PALB2 in 293T cells to identify the region of

PALB2 that interacts with BRCA1 (Fig. 2). The COOH terminus of PALB2 contains four WD40 motifs. A truncation that
eliminates all four WD40 repeats of PALB2 disrupts the
PALB2-BRCA2 interaction and has been linked to breast cancer (12). To more precisely define the interaction of PALB2
with BRCA2, and its potential interaction with BRCA1, we
truncated PALB2 after P1097 (ΔC), just before the third
WD40 repeat (Fig. 2Ai). We also expressed a mutant truncated
in the middle of the protein (1-550), as described previously
(18). Exon 4, which encodes amino acids 71 to 561, is not required for resistance to MMC (18). Thus, we instead tested the
role of the first 70 amino acids of PALB2 in binding to BRCA1
by expressing a mutant lacking this domain (Δ1-70; Fig. 2Ai).
We found that binding of PALB2 to BRCA2 or RAD51 required only WD40 repeats 3 to 4 (Fig. 2Bi). These repeats
were not required for PALB2 to bind BRCA1, however.
BRCA1 also coimmunoprecipitated with PALB2/1-550, indicating that BRCA1 binds to the NH2-terminal half of PALB2.
In contrast, PALB2Δ1-70 coimmunoprecipitated with BRCA2
and RAD51, but not BRCA1. BRCA1 and BRCA2 therefore
interact independently with different regions of PALB2.
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To directly test whether the interaction of PALB2 with
BRCA1 is required for the assembly of PALB2 foci, we analyzed 293T cells that transiently expressed HA-Flag-tagged
PALB2, and its mutants, by immunofluorescence microscopy
(Fig. 2D and E). PALB2ΔC and PALB2/1-550 assembled into
nuclear foci in the absence of its interaction with BRCA2 or
RAD51, following exposure of cells to IR, as assayed with
anti-HA antibodies (Fig. 2D and Ei). But PALB2Δ1-70 did
not assemble into foci, suggesting that the interaction of
PALB2 with BRCA1, but not BRCA2 or RAD51, is required
for the recruitment of PALB2 to DNA damage foci.
We then compared mutants with truncations of the NH2terminal 18, 37, 53, or 70 amino acids of PALB2 to better
define the role of this region in PALB2 localization and its
interaction with BRCA1 (Fig. 2Aii). Each of these mutants
was defective for coimmunoprecipitation with BRCA1
(Fig. 2Bii) and for the assembly of PALB2 (HA) foci (Fig. 2Eii).
PALB2 contains a predicted coiled-coil domain from amino
acids 9 to 44 (Fig. 2C). Such domains mediate protein-protein
interactions (24). A portion, or all, of this domain was eliminated in the PALB2Δ1-70 mutants. We therefore sought to more
specifically test the role of the PALB2 coiled-coil domain and
its interaction with BRCA1 in localizing PALB2. For this purpose, we mutated conserved sites within the PALB2 coiledcoil domain. The PALB2-L21P and PALB2-L24P mutants
(Fig. 2Aiii) coimmunoprecipitated with BRCA2 and RAD51,
but not BRCA1 (Fig. 2Biii). Thus, the coiled-coil domain
of PALB2 is required for its interaction with BRCA1. Furthermore, PALB2-L21P and PALB2-L24P localized to nuclei
but were deficient for assembly into nuclear foci (Fig. 2D
and Eiii). These results suggest that the interaction of PALB2
with BRCA1, through the coiled-coil domain at the NH 2
terminus of PALB2, mediates recruitment of PALB2 into DNA
damage foci.
Recruitment of BRCA2 and RAD51 into Foci Requires the
Interaction of PALB2 and BRCA1
To test the functional importance of the capacity of PALB2
to bind to BRCA1, we stably expressed selected PALB2 mutants in EUFA1341 cells along with an HA-Flag epitope tag
(Fig. 3A). Consistent with results obtained in Fig. 2, BRCA2
and RAD51 did not coimmunoprecipitate with PALB2ΔC,
which lacks WD40 repeats 3 and 4 (Fig. 3A). However,
BRCA1 did coimmunoprecipitate with PALB2ΔC. In contrast, the NH2 terminus and the coiled-coil domain of PALB2
mediated its interaction with BRCA1. BRCA2 and RAD51,
but not BRCA1, coimmunoprecipitated with PALB2Δ1-70,
PALB2-L21P, and PALB2-L24P (Fig. 3A).
Representative images show that mutation of the coiled-coil
domain of PALB2 disrupted the assembly of PALB2 and
RAD51 foci in EUFA1341 cells (Fig. 3B). Wild-type PALB2
assembled into foci, which colocalized with RAD51 foci,
however. In contrast, assembly of PALB2, but not RAD51
foci, was normal in EUFA1341 cells expressing PALB2ΔC
(Fig. 3B). Effects on the assembly of PALB2 and RAD51 foci
are quantified in Fig. 3C. In particular, cells expressing each of
the NH2-terminal mutants of PALB2, PALB2Δ1-70, PALB2L21P, and PALB2-L24P, were deficient for the assembly of
PALB2 and RAD51 foci, either with or without exposure to

IR. In summary, the recruitment of PALB2 to nuclear foci
depends on its interaction with BRCA1, whereas the recruitment of RAD51 is disrupted by mutation of either the NH2
or COOH termini of PALB2.
We next analyzed the assembly of BRCA1 foci in
EUFA1341 cells reconstituted with PALB2 mutants that were
defective for interaction with either BRCA1 or BRCA2 (examples are shown in Supplementary Fig. S1). The vast majority of
foci assembled by wild-type PALB2 colocalized with BRCA1
foci. Because it has been reported that endogenous PALB2
strongly colocalizes with BRCA1 (14), the above result shows
normal localization of epitope-tagged PALB2. Furthermore,
PALB2-L21P did not assemble into nuclear foci but supported
normal assembly of BRCA1 foci. The assembly of BRCA1 foci
in cells reconstituted with each form of BRCA1 is quantified in
Fig. 3C. None of the mutants, including PALB2Δ1-70, PALB2L21P, PALB2-L24P, and PALB2ΔC, were associated with abnormal assembly of BRCA1 foci. Thus, our results suggest that
BRCA1 acts upstream of PALB2.
We could not clearly distinguish BRCA2 foci in EUFA1341
cells using available antibodies. Instead, to assay requirements
for the assembly of BRCA2 foci, we examined U2OS cells that
expressed various forms of PALB2. Cells were depleted of endogenous PALB2 with a siRNA against the 3′-untranslated region (3′-UTR) of PALB2, as determined on immunoblots
(Supplementary Fig. S2A). Examples of images obtained by
immunofluorescence microscopy confirm that this siRNA depleted endogenous PALB2 but did not affect exogenously expressed PALB2 (Supplementary Fig. S2B).
As quantified in Fig. 3D, we found, using this system, that
both the NH2 and COOH termini of PALB2 were required for
the assembly of BRCA2 foci. The assembly of BRCA2 foci
was defective, either with or without exposure to IR, in cells
containing vector alone, PALB2Δ1-70, PALB2-L21P,
PALB2-L24P, and PALB2ΔC (Fig. 3D). Examples of defects
in the assembly of BRCA2 foci are shown in Supplementary
Fig. S2B. Together, our results suggest that BRCA1, PALB2,
BRCA2, and RAD51 cooperate in a pathway in which BRCA1
organizes PALB2, which in turn localizes BRCA2.
PALB2 Directly Binds BRCA1 and Functionally Links
BRCA1 to BRCA2
Given that PALB2 independently interacts with BRCA1 and
BRCA2, we sought to determine whether it physically links
these proteins. We detected coimmunoprecipitation of BRCA1
and BRCA2 in HeLa extracts, but were unable to observe an
interaction in extracts from EUFA1341 cells corrected with
PALB2. Thus, we instead incubated a fusion protein containing
glutathione S-transferase (GST) and amino acids 1293 to 1863
of human BRCA1 with extracts from EUFA1341 cells containing various forms of PALB2 (Fig. 4A). This COOH-terminal
fragment of BRCA1 has been reported to bind BRCA2 in a
similar in vitro assay (8). GST/BRCA1-1293-1863 associated
with BRCA2 in extracts from EUFA1341 cells corrected with
wild-type PALB2 but not cells that contained NH2- or COOHterminal mutants of PALB2, including PALB2ΔC, PALB2L21P, and PALB2-L24P (Fig. 4A). Critically, each of these
extracts had detectable levels of BRCA2 protein (Fig. 3A).
The association of PALB2 with BRCA1 in vitro required a
Mol Cancer Res 2009;7(7). July 2009

Downloaded from mcr.aacrjournals.org on June 15, 2021. © 2009 American Association for Cancer Research.

Published OnlineFirst July 7, 2009; DOI: 10.1158/1541-7786.MCR-09-0123

PALB2 Connects BRCA1 and BRCA2

FIGURE 2. An NH2-terminal domain of PALB2, distinct from the BRCA2-interacting domain of PALB2, mediates interaction with BRCA1 and assembly of
PALB2 nuclear foci. A. Diagram of sets of PALB2 mutants used to examine the interaction of PALB2 with BRCA1. These included large NH2- or COOHterminal truncations (i), a series of smaller NH2-terminal truncations (ii), and two different point mutants (*) within the NH2-terminal coiled-coil domain of
PALB2 (iii). Each PALB2 construct contained a Flag-HA epitope tag. In the case of NH2-terminal deletion mutants, the epitope tags were at the COOH
terminus of the protein. All other constructs contained NH2-terminal epitope tags. FL, PALB2-full-length. B. Immunoprecipitation with anti-Flag antibodies
was done for each experimental set. Antibodies against BRCA1, and BRCA2 or RAD51 in i, were used to determine whether the protein was present in
immunoprecipitates. C. Diagram of amino acids 1 to 70 of PALB2. The predicted coiled-coil domain is underlined (amino acids 9-44); *, point mutants that
were tested (L21P and L24P). D. Examples of PALB2 foci assembled by wild-type protein, PALB2/1-550, or PALB2-L21P following expression in 293T cells.
Assembly of expressed PALB2 and its mutants, all of which contained an HA-Flag epitope tag, was detected with anti-HA antibodies. E. Quantification of the
assembly of PALB2 foci, detected with anti-HA antibodies against the epitope tag for each set of mutants. Values for wild-type PALB2 and PALB2Δ1-70 are
repeated in each data set for the purpose of comparison. Cells were fixed at 16 h following treatment with 15 Gy IR. Average values ± SD were determined
from three independent counts of 150 or more cells each.
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functional coiled-coil in the NH2 terminus of PALB2 (Fig. 4A).
Thus, PALB2 does indeed seem to mediate the physical interaction of BRCA1 and BRCA2.
Next, we sought to determine whether PALB2 directly binds
BRCA1. For this purpose, we determined whether maltosebinding protein (MBP) fused with amino acids 1 to 70 of
PALB2 pulls down with GST/BRCA1-1293-1863 (Fig. 4B).
Both proteins were isolated from bacteria using their respective
tags. MBP/PALB2-1-70, but not MBP/PALB2-1-70(L21P) or
MBP/PALB2-1-70(L24P), strongly bound to GST/BRCA11293-1863. MBP/PALB2-1-70 did not bind to GST alone.
These results suggest that PALB2 directly binds to BRCA1
and may physically link BRCA2 to BRCA1 by independently
binding each protein.
We then sought to evaluate the functional importance of
PALB2 as a linker of BRCA1 and BRCA2, in addition to
its role in regulating the assembly of BRCA2 and RAD51 foci. Because PALB2 and BRCA1 are both required for cellular
resistance to DNA interstrand cross-linking agents, we determined whether the interaction of these proteins is required for
cellular resistance to MMC. Critically, mutants of PALB2 that
did not interact with BRCA1, including PALB2Δ1-70,

PALB2-L21P, and PALB2-L24P, conferred no resistance to
MMC, compared with cells containing the vector alone
(Fig. 4C).
Next, we sought to determine whether PALB2 links BRCA1
and BRCA2 into a pathway of HR. For this purpose, we used
U2OS cells with an integrated copy of the pDR reporter (25).
Depletion of endogenous PALB2 with a siRNA against its
3′-UTR similarly inhibited HR in cells containing exogenous
PALB2-L21P, PALB2-L24P, or the empty vector alone
(Fig. 4D). Interestingly, cells that contained PALB2ΔC, which
were defective for interaction with BRCA2, yielded similar levels of DSB-initiated HR as cells that contained PALB2-L21P
or PALB2-L24P. Our results suggest that binding of PALB2 to
both BRCA1 and BRCA2 is required for HR.

Discussion
We find that PALB2 physically links BRCA1 to BRCA2.
This network seems to mediate several BRCA2-dependent
functions, including the assembly of RAD51 foci, HR, and resistance to MMC. Strikingly, different domains of PALB2, the
NH2 and COOH termini, are required for its interaction with

FIGURE 3. The interaction of PALB2 with BRCA1 is required for the assembly of PALB2, BRCA2, and RAD51 nuclear foci. A. Levels of stable expression of
wild-type PALB2 (FL), PALB2ΔC, PALB2Δ1-70, PALB2-L21P, and PALB2-L24P with an HA-Flag epitope tag in EUFA1341 fibroblasts are indicated for each cell
line (input). Coimmunoprecipitation of BRCA1, BRCA2, and RAD51 was determined by immunoblotting. Blots for input extracts represent 2.5% of the amount of
protein used for immunoprecipitation. B. Examples of PALB2 foci assembled by full-length (wild-type) PALB2, PALB2ΔC, PALB2-L21P, or pMMP vector alone.
In each case, the expressed protein contained HA-Flag epitope tags. PALB2 foci detected with anti-HA antibodies (red) and RAD51 foci detected with antiRAD51 antibodies (green) are shown in a merged image. Colocalization is indicated by yellow foci, whereas red foci indicate the presence of PALB2 but not
RAD51 foci. C. Quantification of the assembly of each form of PALB2 into nuclear foci (top), and of the assembly of RAD51 (center) or BRCA1 (bottom) into foci in
EUFA1341 fibroblasts reconstituted with each form of PALB2. D. Quantification of the assembly of BRCA2 foci in U2OS cells exogenously expressing wild-type
PALB2, PALB2ΔC, PALB2Δ1-70, PALB2-L21P, or PALB2-L24P that were depleted of endogenous PALB2 using a siRNA against its 3′-UTR. Controls transfected with a siRNA directed against GFP are indicated. Cells were analyzed at 4 d after transfection with the siRNA. Cells were fixed at 16 h following treatment
with 15 Gy IR or were left untreated, and average values ± SD were determined from three independent counts of 150 or more cells each (C-D).
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FIGURE 4. Direct binding of the coiled-coil domain of PALB2 to BRCA1 is required for the association of BRCA2 with BRCA1, for resistance to MMC, and
for DSB-initiated HR. A. GST protein fused with the 1293-1863 fragment of BRCA1 was incubated with extracts from EUFA1341 fibroblasts exogenously
expressing wild-type PALB2, PALB2ΔC, PALB2-L21P, or PALB2-L24P. Associated protein complexes were isolated on glutathione beads. The presence
of BRCA2 or PALB2 in isolated protein complexes was determined by immunoblotting. GST-BRCA1-1293-1863 was detected with anti-GST antibodies.
B. MBP, MBP/PALB2-1-70, MBP/PALB2-1-70(L21P), or MBP/PALB2-1-70(L24P), isolated using maltose beads (input), were incubated with GST or GST/
BRCA1-1293-1863 beads. Binding of each MBP fusion protein to GST or GST/BRCA1-1293-1863 was determined by immunoblotting with anti-MBP antibodies. The blot for input protein represents 10% of the amount of protein used for the pulldown assay. C. Survival of EUFA1341 fibroblasts stably expressing
wild-type PALB2, PALB2-L21P, PALB2-L24P, or PALB2Δ1-70 with HA-Flag epitope tags was determined using a colorimetric assay following treatment
with a range of concentrations of MMC (0-500 nmol/L). Relative survival for each cell line ± SD was normalized to the value for that cell line without treatment.
D. Assay of HR in U2OS-DR cells stably expressing wild-type PALB2, PALB2ΔC, PALB2-L21P, or PALB2-L24P (with Flag-HA epitope tags), which were
depleted of endogenous PALB2 using a siRNA against its 3′-UTR. Examples of dot plots demonstrating the level of GFP (inside box) versus phycoerytherin (PE)
for cells expressing PALB2-L21P and I-SCEI. Cells were transfected with a control siRNA against LacZ or with a siRNA directed against the 3′-UTR of endogenous PALB2. At right is quantification of HR for each cell type, relative to controls for the corresponding cell line transfected with siLacZ instead of siPALB2-3′UTR. The amount of GFP-positive cells ranged from 0% to 2% in each experiment. Columns, average from three independent experiments; bars, SD.

BRCA1 and BRCA2, respectively. BRCA1 seems to act upstream because BRCA1 nuclear foci assemble in cells that lack
PALB2 or in which mutant PALB2 does not bind to BRCA1.
Given that the assembly of PALB2 nuclear foci is dependent on
its interaction with BRCA1, we suggest that BRCA1 recruits
PALB2 to sites of DNA damage. It has been shown previously
that PALB2 colocalizes with γ-H2AX foci at DSBs (14).
Consistent with previous results, we find that the COOH
terminus of PALB2, which contains four WD40 domains, is
required for the interaction of PALB2 with BRCA2 (12, 18).
However, we have further dissected the COOH terminus of
PALB2 and find that deletion of WD40 repeats 3 and 4 is
sufficient to disrupt the interaction with BRCA2. We also
find, using PALB2-deficient cells reconstituted with PALB2
mutants defective for interaction with either BRCA1 or
BRCA2, that the assembly of BRCA2 and RAD51 nuclear
foci is deficient. Thus, in our model (Fig. 5), we propose that
once PALB2 is positioned, it recruits BRCA2 to sites of DNA
damage, which in turn regulates the assembly of RAD51 foci.
Consistent with this possibility, we show that BRCA1deficient HCC1937 cells, which were originally derived from
a breast carcinoma (26), display defective assembly of foci by
each of the downstream proteins, PALB2, BRCA2, and
RAD51. Furthermore, it was already known BRCA2 is re-

quired for the assembly of RAD51 foci at the end of the apparent BRCA1-PALB2-BRCA2-RAD51 pathway (16, 17).
During the submission of this work, a study with consistent
findings was published online (27). Both studies find that the
coiled-coil domain present at the NH2 terminus of PALB2 directly binds to BRCA1 and that this interaction is required for
the assembly of BRCA2 foci. In contrast to the other paper,
however, we define and characterize two point mutants of the
coiled-coil domain that disrupt binding to BRCA1. In this manner, we more specifically implicate PALB2 as a linker of
BRCA1 and BRCA2. Furthermore, we directly compare
PALB2-deficient cells reconstituted with mutants defective
for interaction with either BRCA1 or BRCA2. This has led
to a more definitive demonstration that PALB2 links BRCA1,
BRCA2, and RAD51 into a DNA damage response pathway.
Additionally, using the set of reconstituted cells, we have determined that PALB2 is positioned between BRCA1 and BRCA2
in this pathway. Unlike the other article, we assay the assembly
of RAD51 foci and resistance to the DNA interstrand crosslinking agent, MMC, as functional end points of this pathway.
We conclude, on the basis of these assays, that PALB2 serves
as a functional linker of BRCA1 and BRCA2. PALB2 mutants
that disrupt interaction with either protein result in defective
assembly of RAD51 foci and defects in HR.
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It was reported previously that PALB2 both stabilizes and
localizes BRCA2 (14). NH2-terminal PALB2 mutants, which
did not localize correctly (Fig. 3B-C), still bound to BRCA2
and largely stabilized it (Fig. 3A). Thus, the deficiency for
BRCA2 foci in cells containing PALB2 mutants that did not
bind to BRCA1 (Fig. 3D) is likely due to a defect in localization rather than a failure to stabilize BRCA2.
BRCA1 seems to act as a large scaffolding protein that is involved in signaling the cellular response to DSBs (5, 28, 29).
The interaction of PALB2 with BRCA1 may thereby coordinate
the regulation of BRCA2 and RAD51, which are centrally required for HR, with DNA damage signaling. It has recently been
reported that the Chk1 and Chk2 protein kinases phosphorylate
the COOH terminus of BRCA2, and that this regulates the interaction of BRCA2 with RAD51 (30). It will be interesting to
determine whether Chk1/Chk2-dependent phosphorylation of
BRCA2 is dependent on the interaction of PALB2 with BRCA1.
The function of PALB2 as a linker of BRCA1 and BRCA2 may
permit more sensitive regulation of HR and may allow BRCA1
to mediate other functions, such as checkpoint signaling, independently from HR.
Deficiencies in BRCA1, BRCA2, or PALB2 result in genomic instability (20). Deficient assembly of PALB2,
BRCA2, and RAD51 nuclear foci in untreated cells (Figs. 1
and 3) might reflect defective recruitment of the machinery
for HR to sites of endogenous DNA damage. It will be interesting to determine, in the future, whether this leads to increased spontaneous genomic instability that could drive the
growth of cancerous cells.
BRCA1, PALB2, BRCA2, and RAD51 are all required for
HR (14, 31-33). We find that disruption of the interaction of
PALB2 with either BRCA1 or BRCA2 results in equivalent defects in HR. This suggests that PALB2 links BRCA1 and
BRCA2 into a pathway of HR. Previous results have shown
that BRCA2 regulates the assembly of RAD51 into nucleoprotein filaments with 3′ DNA overhangs. These nucleoprotein filaments initiate HR through strand invasion (15). Thus, RAD51
seems to function at the end of the BRCA1-PALB2-BRCA2RAD51 pathway.
DNA interstrand cross-linking agents are extensively used for
chemotherapy (34, 35). We find that the capacity of PALB2 to
bind BRCA1 through its NH2-terminal coiled-coil domain is required for resistance to the DNA interstrand cross-linking agent
MMC (Fig. 4C). The COOH terminus of PALB2, and its interaction with BRCA2, is also required for resistance to MMC (11,
12, 18). Together, these results suggest that resistance to MMC
requires the capacity of PALB2 to independently bind both
BRCA1 and BRCA2. Thus, PALB2 seems to link BRCA1 and
BRCA2 into a pathway required for resistance to MMC. The
BRCA1-PALB2-BRCA2-RAD51 network could be a critical
determinant of the responsiveness of specific tumors and individuals to DNA interstrand cross-linking agents. A defect anywhere in this pathway would be expected to result in defective
assembly of RAD51 foci, which might be predictive of the responsiveness of a particular tumor to DNA interstrand crosslinking agents.
In summary, BRCA1 and BRCA2 are the most frequently
mutated genes that have been identified in inherited breast
and ovarian cancer (1-4). This may stem from disruption of

the DNA damage response pathway that both the BRCA1
and BRCA2 proteins function in.

Materials and Methods
Cell Culture
MCF-7, HeLa, U2OS, and 293T cells were obtained from
American Type Culture Collection. EUFA1341 fibroblasts were
a gift from Dr. Hans Joenje (Vrije Universiteit Medical Center,
Amsterdam, The Netherlands). EUFA1341 cells were cultured
in F10 (HAM) and DMEM (1:1) containing 10% fetal bovine
serum and penicillin-streptomycin. Other cell lines were grown
in DMEM containing 10% FBS, L-glutamine, and penicillinstreptomycin. Cells were cultured at 37°C in a 5% CO2 environment.
MMC was added from a 3 mmol/L stock in ethanol kept at
−20oC. Irradiation was done with a Mark I-68 Cesium 137
apparatus (J. L. Shepherd and Associates).

FIGURE 5. Proposed model for the role of PALB2 in linking BRCA1
with BRCA2 and RAD51 in a pathway of HR. We propose that BRCA1
binds to the NH2 terminus of PALB2 following its own recruitment to sites
of DNA damage. We suggest that the COOH terminus of positioned
PALB2 then binds to BRCA2, which in turn regulates the assembly of
the RAD51 nucleoprotein filament that initiates HR. In this manner, PALB2
links BRCA1, BRCA2, and RAD51 into a network that is required for HR.
Our results suggest that BRCA1 and BRCA2 do not directly interact, but
associate using PALB2 as an intermediary.
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Antibodies
Rabbit anti-RAD51 (H-92; Santa Cruz Biotechnology)
and mouse anti-BRCA2 (Ab-1; Calbiochem) antibodies were
used for immunofluorescence microscopy, immunoprecipitation, and immunoblotting. IgG-purified rabbit antisera 2599
and 2600 generated against amino acids 601-880 of PALB2
were used for immunoprecipitation, and for immunoblotting
and immunofluorescence microscopy, respectively. Mouse
anti-HA antibody (HA.11; Covance) was used for immunoblotting and immunofluorescence microscopy, whereas mouse
anti-Flag antibody (M2; Sigma) was used for immunoprecipitation of tagged proteins. Rabbit anti-BRCA1 (Cell Signaling Technology) was used for immunoprecipitation and
immunofluorescence microscopy. Mouse anti-BRCA1 (D9;
Santa Cruz Biotechnology) was used for immunofluorescence
microscopy. Rabbit anti-BRCA1 (Millipore) and mouse antiactin antibodies (gift from Dr. James Lessard, Cincinnati Children's Research Foundation, Cincinnati, OH) were used for
immunoblotting.
Cloning and Mutagenesis
The cDNA for human PALB2 was purchased from Origene
Technologies, Inc. PALB2 containing Flag and HA epitope tags
in tandem at its NH2 or COOH termini were generated by cloning PALB2 into pOZ obtained from Yoshihiro Nakatani (DanaFarber Cancer Institute). PALB2 containing either NH2- or
COOH-terminal Flag-HA tags was subcloned into pCDNA3.1
as a vector for transient expression. NH2-terminal truncation
mutants were generated from pOZ-PALB2-Flag-HA using appropriate primers to generate a Flag-HA fusion in pCDNA3.1
with PALB2 starting at amino acids 19, 38, 54, or 71. pCDNA3Flag-HA-PALB2 was used for the generation of L21P and L24P
mutants, and COOH-terminal truncation mutants, using a QuikChange II Site-directed mutagenesis kit (Stratagene). COOHterminal truncation mutants were generated by the introduction
of a stop codon. Wild-type PALB2, and various PALB2 mutants, were subcloned into the pMMP retroviral vector (36)
for stable expression of proteins.
The 1293-1863 fragment of BRCA1 was cloned into pGEX2TK for the production of a fusion protein with GST. The 1-70
fragment of PALB2, and its mutants, was cloned into pMALC2X to generate fusion proteins with MBP.
Transfection and Transduction
Transfection of target cells with pCDNA3.1 plasmids or
with siRNAs, and virus production in Phoenix cells, transduction of target cells, and selection with puromycin were as described previously (37).
Immunoprecipitation
Extracts were prepared from 293T cells at 48 h after transfection with various forms of PALB2 or from EUFA1341
cells stably expressing PALB2 and its mutants. Extracts that
contained both detergent-soluble and chromatin-associated
PALB2 in NETN [20 mmol/L Tris (pH 7.5) containing
420 mmol/L NaCl, 1 mmol/L EDTA, and 0.5% NP40]
were prepared using a modification of a previously described
protocol (14). Extracts were precleared, incubated with antiFlag or anti-BRCA1 antibody, and washed as described
previously (38).

In vitro Analysis of Binding to a COOH-Terminal Fragment
of BRCA1
GST/BRCA1-1293-1863 and MBP/PALB2-1-70 fusion
proteins in 50 mmol/L Tris (pH 8.0) were isolated from
Escherichia coli using reagents from GE Healthcare and New
England BioLabs, incubated at 4°C for 2 h, and washed, as
described previously (39).
Extracts from EUFA1341 cells stably expressing various
forms of PALB2 were prepared in NETN buffer. Extracts were
precleared with GST beads, incubated with GST/BRCA11293-1863, and washed with NETN buffer as described previously (39).
Immunoblotting
Lysates were electrophoresed by SDS-PAGE and then transferred to nitrocellulose, blocked, incubated with primary antibodies and horseradish peroxidase–linked secondary
antibodies, and revealed by chemiluminescence (Amersham)
as previously described (37). Gradient gels (4-12%) were used
for analysis of immunoprecipitates. In all other experiments,
6% gels were used.
Immunofluorescence Microscopy
Unless otherwise noted, cells were fixed before permeabilization, washed, and incubated with primary and secondary antibodies as previously described (37). For detection of BRCA2,
cells were prepermeabilized and fixed as described previously
(36). Coverslips were mounted over Vectashield containing
4′,6-diamidino-2-phenylindole, and were sealed with fingernail
polish.
Microscopy, collection of images, and the generation of
figures was as described previously (37).
MMC Sensitivity Assay
Measurement of relative growth was done in triplicate for
each cell line, as described previously (40). Survival was calculated relative to the average corrected absorbance for each
untreated cell line following subtraction of background values
determined from wells not containing cells.
Assay of DSB-Initated HR
U2OS-DR cells with an integrated reporter construct for
HR-mediated repair of GFP (25) were kindly provided by
Drs. Maria Jasin and Koji Nakanishi (Memorial Sloan-Kettering
Cancer Center, New York, NY). U2OS-DR cells that stably
expressed pMMP vector, wild-type PALB2, PALB2ΔC,
PALB2-L21P, or PALB2-L24P with NH2-terminal HA-Flag
epitope tags were selected with puromycin. To deplete endogenous PALB2, cells were transfected with 1.8 μg of a siRNA
directed against its 3′-UTR (5′-GGAGAATATCTGAATGACA-3′). Alternatively, cells were transfected with siLacZ as a
control. At 48 h after transfection with siRNAs, cells were transfected with pCBASce encoding I-SCEI to induce DSBs. Cells
were collected 72 h later by trypsinization and placed in fresh
medium for analysis.
The percentage of GFP-positive cells was determined using
a FacsCalibur flow cytometer. Background measurements obtained from U2OS-DR cells containing the empty vector, and
transfected with siLacZ but not siPALB2-3′-UTR, were subtracted from each value. The efficiency of HR, relative to cells
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transfected with the siLacZ control, was then calculated from
three independent experiments for cells expressing each form
of PALB2.
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