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ABSTRACT

My research is focused on the BRCA2 protein, whose mutations have been implicated in the development of
breast, ovarian, male breast, prostate, pancreatic cancers and Fanconi anemia. It is intended to elucidate some of
the biological functions of BRCA2 and/or regulation of its in vivo function through generation/utilization of new
reagents and identification of new BRCA2 interacting proteins. During the years of grant support, I generated an
array of BRCA2 antibodies and identified/cloned a novel protein, PALB2, as a major nuclear partner and
localizer of BRCA2. I have established that PALB2 is required for BRCA2 nuclear presence and its functions in
homologous recombinational repair of double-strand breaks and intra-S phase damage checkpoint control.
Importantly, BRCA2/PALB2 interaction is disrupted by multiple cancer-associated BRCA2 mutations. My
results indicate that PALB2 is essential for the tumor suppressing functions of BRCA2 and may be a new tumor
suppressor gene in its own right.

A manuscript has been written and is being submitted to Nature.
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INTRODUCTION

Germline mutations in one allele of BRCA2 predispose carriers to early onset beast and
ovarian cancers 1-3. The lifetime breast cancer risks among carriers of BRCA2 mutation
range up to 80%4, 5. Mutations in BRCA2 are also implicated in pancreatic6, prostate7,

8 9male breast cancers and Fanconi anemia . BRCA2 tumors exhibit loss of heterozygosity
(LOH), indicating that it functions as a typical tumor suppressor.

BRCA2 functions in cell growth, DNA repair, homologous recombination, DNA damage
checkpoint control, DNA replication and cell division, as BRCA2 deficient cells exhibit
proliferation arrest10' 11, hypersensitivity to DNA damaging agents 10' 11, genomic
instability11-13, defective homology-directed repair (HDR)14' 15, reduced gene targeting
efficiency 14, radio-resistant DNA synthesis 16' 17 , breakdown of stalled DNA replication
forks18 and delayed cytokinesis' 9. In addition, BRCA2 possesses transcriptional
activation and coactivation activities 2' 21. Targeting the sensitivity of BRCA2-deficient
tumor cells to therapeutic DNA damaging agents represents a potential avenue to treat
such cancers22 -24.

Human BRCA2 consists of 3,418 amino acid residues but has little homology with other
proteins and no known enzymatic activities. In addition to its protein partners that include
Rad5l10, 25, 26, BRCA127, P/CAF21, 21, DSS129 , BRAF35 30, androgen receptor (AR)21,
Polo-like kinase Plk131, FANCD2/G3 2' ", BCCIPa/p334 and the recently identified
potential oncoprotein EMSY 35, BRCA2 also binds DNA with its C-terminal OB
(oligonucleotide-binding) domains 36. As a non-enzyme, BRCA2 likely functions as a
scaffold protein to help organize high-order complex or structure formations in afore-
mentioned cellular processes through highly coordinated interactions with its partner
proteins and DNA.

BRCA2 plays a major role in the control of the localization and function of Rad51, a key
protein that coats the processed single-stranded DNA overhangs of double strand breaks
and promotes the essential homologous-paring and strand invasion during homologous
recombination 37. The "BRC" repeats at the center of BRCA2 directly interact with and
structurally mimic Rad5 I's self-association motif to block its oligomerization and

38,39nucleoprotein filament formation3' . Nevertheless, the overall control is a positive one,
as BRCA2 is required for the formation of DNA damage-induced Rad51 nuclear foci 40'
41, which are likely to be sites of double strand break repair, and for the mobilization of a

subpopulation of nuclear Rad51 following DNA damage42. Furthermore, a recent
biochemical study establishes that a fungi BRCA2 homolo ue Brh2 recruits Rad51 to
dsDNA-ssDNA junction and nucleates its filament formation . Importantly, BRCA2 also
interacts with Rad51 with a separate motif located at its C-terminus and this functional
interaction is regulated by CDK-dependent phosphorylation44.

BODY (Results, Discussion and Methods)

Identification of PALB2 as a major nuclear BRCA2 partner

In an effort to discover new components of endogenous BRCA2-containing protein
complexes, whole Hela cell extract was immunoprecipitated with a BRCA2 monoclonal
antibody. As shown in Fig. la, the precipitates consisted of a relatively small number of
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major components. Protein bands were excised from the gel and subjected to mass
spectrometric analysis. As expected, the most abundant protein with the highest
molecular weight and the one migrating slightly above the 39KD marker were confirmed
to be BRCA2 and RadS 1, respectively. Interestingly, the major band above the 97KD
marker was identified as FLJ21816, a hitherto "hypothetical" protein. All three proteins
could be eluted from the beads using a specific BRCA2 peptide generated after mapping
the exact epitope of this monoclonal antibody (not shown). FLJ21816 was later named
"PALB2" for "Partner and Localizer of BRCA2" or "PAL of B2". Other components of
the complex were also identified and are currently under verification.

The putative PALB2 open reading frame consists of 1,186 amino-acid residues
translating to a protein with a molecular weight of approximately 130KD. Bioinformatic
analysis of PALB2 revealed no significant sequence homology with any other proteins
and no well conserved motif/domain structures. Apparent homologs of PALB2 were
found to exist in other vertebrates but not in lower organisms such as yeast, C-elegans
and Drosophila.

The 3.5KB PALB2 cDNA was cloned into to a FLAG-HA double-tagging
recombinant viral vector, transiently expressed and the tagged PALB2 was
immunoprecipitated. The precipitate was found to contain large amount of both the
predicted 130KD protein and BRCA2 by western analysis (not shown). Multiple rabbit
polyclonal antibodies were generated and found to co-immunoprecipitate substantial
amount of PALB2 and BRCA2 from lysates of Hela, U20S and 293 tumor cells as well
as non-tumor MCF1OA breast epithelial cells and W138 primary fibroblasts. As an
example, an antibody generated against the N-terminal 200 residues (cUPALB2N200) was
able to effectively pull down not only PALB2 but also BRCA2 from all three cell lysates
(Fig. lb). Reciprocally, another BRCA2 monoclonal antibody (TP15) effectively pulled
down PALB2 (Fig. Ib).

PALB2 was found to be a nuclear protein that could only be extracted with high
salt (Fig. Ic), indicating that it is stably associated with the chromatin or nuclear matrix.
BRCA2 was reproducibly found to be distributed in both cytoplasmic and nuclear
fractions, with most nuclear BRCA2 only extractable with high salt. BRCA1 was mainly
nuclear with a minor but clear cytoplasmic presence. Next we sequentially extracted
U2OS and MCF 1OA cells with low and high salt lysis buffers and immunodepleted either
BRCA2 or PALB2 from the high salt fractions (equivalents of the NS420 fraction in Fig.
Ic). As shown in Fig. Id, BRCA2 antibody not only depleted BRCA2 but also pulled
down a significant fraction of PALB2. Strikingly, PALB2 antibody completely depleted
both PALB2 and BRCA2, indicating that all BRCA2 stably bound to chromatin or/and
nuclear matrix is associated with PALB2. BRCA1 amount was not significantly affected
since only a small fraction of cellular BRCA1 is associated with BRCA2. Collectively,
above results unambiguously demonstrate that PALB2 is a major physiological nuclear
partner of BRCA2.

Colocalization of PALB2 and BRCA1 and BRCA2 in Nuclear Foci

BRCA2 and BRCA1 colocalize in nuclear foci in the S-phase of the cell cycle and those
induced by DNA damage27 . We asked whether PALB2 colocalizes with BRCA1/2 in
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these nuclear structures. As PALB2 antibodies able to produce clear nuclear staining
remained unavailable, we generated a T98G glioblastoma cell line stably expressing
PALB2 from the afore-mentioned viral vector. As shown in Fig. 2a, the N-terminally-
tagged PALB2 was found to be exclusively nuclear and concentrate in a number of foci,
the majority of which also contained BRCA1. Like BRCA1 foci, PALB2 foci were
quickly dispersed following ionizing radiation, indicating that DNA damage initiates a
dramatic redistribution of these proteins. DNA damage-induced foci dispersal was also
observed for BRCA2 (not shown). Later, both PALB2 and BRCA1 gradually
reconcentrated to a same set of presumably new focal locations likely to be sites of DNA
repair and/or persistent damage.

Over the course of this study, we generated more than 10 polyclonal antibodies as
well as multiple monoclonal antibodies against BRCA2. Among these and all the
commercial BRCA2 antibodies we obtained, only one (aBRCA2F8) was able to produce
convincing BRCA2 nuclear staining that could be eliminated with BRCA2 specific
siRNAs. With aBRCA2F8, we observed colocalization of the tagged PALB2 and
BRCA2 in above T98G cells after gama-irradiation (Fig. 2b). Only a small percentage of
these cells contained distinct BRCA2 foci both before and after DNA damage, and
colocalization of PALB2 and BRCA2 was mainly observed after damage. Since
practically all chromatin-bound BRCA2 is associated with PALB2 and more substantial
BRCA1/BRCA2 colocalization occurs in T98G cells without exogenous PALB2
expression (not shown), we infer that significant colocalization between PALB2 and
BRCA2 occur in cells. It is possible that proper localization of BRCA2 in above cells is
perturbed by the N-terminal tagging or overexpression of PALB2.

Requirement of PALB2 for BRCA2 and Rad5l localizations

To gain insights into the functional relationship between PALB2 and BRCA2, we first
knocked down PALB2 and examined the nuclear localization of BRCA2 by staining.
U20S cells treated with control siRNA showed clear nuclear BRCA2 localization and
colocalization with BRCA1 (Fig. 3a). Interestingly, cells treated with PALB2 siRNA
showed greatly reduced BRCA2 nuclear staining while BRCAI was not significantly
affected 60 hr after transfection (Fig. 3a). Essentially the same observations were made
with Rad51 (Fig. 3b), whose focus formation depends on BRCA24°. In above
experiments, BRCA1 staining also served to identify S-phase cells which should also be
BRCA2 and Rad51 staining positive.

To distinguish whether the decreased BRCA2 and Rad51 nuclear staining signals
observed after PALB2 loss is caused by a reduction of their amounts in the nucleus or a
failure of antibody staining due to their potential conformational changes, we fractionated
siRNA treated cells into cytoplasmic and nuclear fractions and examined the protein
amounts in both compartments. As shown in Fig. 3c, comparing to cells treated with
control siRNA, cells treated with PALB2 siRNA showed a major loss of nuclear BRCA2
without any discernible increase in the cytoplasm; Rad51 followed the same trend while
BRCA1 was barely affected. Next, in a parallel experiment we used sequential salt
extractions to fractionat above cells into soluble (cytoplasmic and nuclear soluble) and
insoluble (chromatin and matrix-bound) factions. As shown in Fig. 3d, PALB2 siRNA
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treatment led to a substantial reduction in the amounts of insoluble BRCA2 but not that
of BRCA1. These results are in accordance with the staining data and enable us to
conclude that PALB2 is required for the nuclear presence of BRCA2 and to a lesser but
significant extent for that of Rad5l as well.

In control siRNA treated cells, a small but significant amount of BRCA1
coimmunoprecipitated with BRCA2 almost exclusively in the high salt fraction (Fig. 3e,
lane 2) although there was more total BRCA1 in the low salt fraction (Fig. 3d).
PALB2/BRCA2 interaction also occurred primarily in the insoluble fraction (Fig. 3e)
where the bulk of PALB2 resided. In contrast, Rad51/BRCA2 association was mainly
detected in the soluble fraction, which is however consistent with the fact that the vast
majority of Rad51 was freely soluble (Fig. 3d). Similar observations were also made with
untransfected Hela and U20S cells (not shown). In PALB2 knockdown cells, clearly less
BRCA2 was present in the high salt fraction and its associated BRCA1 became barely
detectable. These results indicate that PALB2/ BRCA2 and BRCA1/BRCA2 interactions
occurs primarily in chromatin or nuclear matrix while the majority of Rad5l/BRCA2
complexes are more mobile and salt sensitive.

PALB2 as an enabler of BRCA2's nuclear functions

The fact that PALB2 is required for BRCA2's nuclear existence suggests that it may be
essential for BRAC2 nuclear functions. To test this, we first asked whether loss of
PALB2 abrogates the activation of the intra-S phase DNA damage checkpoint, as
BRCA2 mutant cells manifest radio-resistant DNA synthesis. U20S cells treated with
control or PALB2 siRNAs were pulse-labeled with BrdU before and after ionizing
radiation and the BrdU incorporation was analyzed by flow cytometry. As shown in
Figure 4a, no significant difference in DNA synthesis was observed before DNA damage.
Notably, 6 hr after radiation, while DNA synthesis of S-phase control cells was strongly
inhibited (panel 2, below the line), a significant S-phase population of PALB2 siRNA
treated cells still underwent intensive DNA replication, indicating that PALB2 is critical
for an efficient S-phase checkpoint.

Subsequently we assayed the major established function of BRCA2 in homology-
directed repair (HDR) of double strand breaks. U20S cells stably integrated with a single
copy of DR-GFP repair reporter (DR-U20S cells) were treated with PALB2 siRNAs and
their repair capabilities were tested. As shown in Fig. 4b, PALB2 knockdown
substantially reduced the repair efficiency by 2 to 3 fold. The BRCA2 siRNA, as a
positive control, produced a more dramatic inhibition, possibly due to its more effective
knockdown (not shown). To further validate PALB2's role in double strand break repair,
we tested the effect of PALB2 loss on cellular sensitivity to mitomycin C (MMC), which
causes interstrand crosslinking eventually leading to double strand breaks. Consistent
with the fact that known BRCA2 deficient cells are invariably sensitive to this agent,
BRCA2 knockdown markedly sensitized Hela cells to the damage (Fig. 4c). Treatment
with two PALB2 siRNAs both significantly sensitized cells to MMC, with the
"smartpool" (218S) being as potent as the BRCA2 siRNA. Taken together, above results
strongly indicate that PALB2 is an essential enabler of BRCA2's nuclear functions.
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Disruption of BRCA2/PALB2 interaction and possible cancer-predisposition

To address the clinical relevance of the BRCA2/PALB2 interaction, we attempted to
isolate point mutations of BRCA2 that disrupt the interaction and ask whether such
mutated BRCA2 proteins remain functional. First, the exact region of BRCA2 required
for PALB2 interaction was determined. As shown in Fig. 5, after six rounds of domain
mapping, such a determinant was narrowed down to the extreme N-terminal section of
BRCA2 (between residues 10 and 40) encoded by exons 2 and 3 of the gene.
Interestingly, this is the very part of BRCA2 that possess transcription activation activity
and contains the binding site for the potential oncoprotein EMSY.

Next, we searched the breast cancer information core (BIC) database for possible
BRCA2 mutations and found eight cases of unclassified variants representing six
different sequence alterations in this small region (Fig. 6a). To determine whether these
variants affect BRCA2's ability to interact with PALB2, we generated these mutations in
a construct expressing the N-terminal 60 amino acids of BRCA2 (B2N60) fused to the C-
terminus of the Gal4 DNA-binding domain (DBD) which contains an intrinsic nuclear
localization signal. PALB2 binding abilities of two variants (W31R and W31C) were
found to be completely lost and that of another (G25R) was greatly diminished (Fig. 6b).
Two other variants (P9L and Y42C) occurring immediately outside the PALB2
interacting domain were also included in the study and found to have no effect. All above
fusion proteins were expressed at similar levels (Fig. 6b, lower panel) and all localized
exclusively to the nucleus as examined by immunostaining with an anti-Gal4 monoclonal
antibody (not shown). Under the same condition, we failed to detect EMSY-BRCA2
interaction.

Finally, we asked if above BRCA2 variants found in breast cancer patients are
functional in homologous recombination and repair. As a pilot experiment showed that
the wildtype Gal4-B2N60 was strongly dominant negative when overexpressed in the
DR-U2OS cells (Fig. 6c), presumably by titrating PALB2 and thus disrupting the
endogenous PALB2/BRCA2 interaction essential in the process, we examined such
activities of all variants using this assay system. It was found that, similar to the wildtype,
variants still able to interact with PALB2 (P9L, F 1 2V, RI 8H, 127V and Y42C) invariably
remained strongly dominant negative while remarkably, the three sequence alterations
(G25R, W31R and W31C) that disrupt BRCA2/PALB2 interaction all led to complete
loss of the inhibiting activity (Fig. 6c). The exact correlation between the variants'
abilities to bind PALB2 and their activities to inhibit repair in DR-U2OS cells further
establishes the essential enabling role of PALB2 for BRCA2 nuclear functions. These
results also indicate that G25R, W31R and W31C are cancer-predisposing loss of
function BRCA2 mutations.

Discussion

Our results establish that PALB2, as a "fulltime" partner of chromatin-bound BRCA2,
plays a crucial role in homologous recombination/double strand break repair and S-phase
checkpoint control. Possibly such a role is entirely mediated by its ensuring BRCA2's
nuclear presence. Yet it can not be ruled out that PALB2 has a separate function(s) in
repair and checkpoint maintenance in addition to holding much of BRCA2 in the nucleus.
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Interestingly, while nuclear BRCA2 appears to be a dependent of PALB2, the opposite is
not true, as PALB2 amount and chromatin association were not significantly affected by
knockdown of BRCA2 (not shown).

How PALB2 ensures BRCA2's nuclear presence remains to be answered. We
observed a strong reduction of nuclear BRCA2 amount after PALB2 loss without a
noticeable increase of cytoplasmic BRCA2. This together with BRCA2's possession of at
least two functional nuclear localization signals 45 suggest that PALB2 may not be
required for BRCA2 to enter the nucleus, although such a possibility can not be ruled out.
It is more likely that PALB2 plays a role in keeping nuclear BRCA2 stable. To test this
possibility we studied the stability of nuclear BRCA2 following PALB2 knockdown.
However, presumably due to the fact that the amount of remaining nuclear BRCA2 is
small after PALB2 knockdown and that such BRCA2 is still associated with PALB2 (Fig.
3e), our result was unclear. The exact mechanism underlying the loss of nuclear BRCA2
remains a priority of future study.

Importantly, we mapped the BRCA2 domain responsible for PALB2 interaction
to a small region in which six different potential cancer-causing mutations were found in
breast cancer patients. Three of them were unable to interact with PALB2 and only the
same three showed complete loss of function in our dominant negative repair assay,
suggesting that BRCA2 tumor-suppressing function relies on its ability to associate with
PALB2. Intriguingly, the PALB2-binding domain encoded by exons 2 and 3 overlaps
with the transactivation core sequence and the EMSY-binding site2°' . This region is
essential for BRCA2's tumor suppressor function, as an in-frame skipping of exon 3
encoding only 83 residues has been identified as the causative mutation in a
breast/ovarian cancer family46 . It is plausible that cancers in above family are the
outcome of the inability of the mutant BRCA2 to interact with PALB2 and therefore its
loss of nuclear functions including the transactivating capability. It is also tempting to
speculate that if EMSY, when amplified, significantly binds BRCA2, it may function as
an oncoprotein by sequestering BRCA2 from interacting with PALB2 and thus
abrogating its nuclear functions. Being critical in the repair of double strand breaks and
checkpoint maintenance, PALB2 may also be a tumor suppressor in its own right. Efforts
to identify and study potential PALB2 mutations in breast cancer patients are currently
underway.

Methods

Cells cultures

Hela, U2OS, 293T and T98G cells were grown in Dulbecco's Modified Eagle's Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). W138 cells were grown in
DMEM with 15% FBS. MCF1OA cells were grown as described 47. All cells were grown
at 37°C in a humidified incubator with 10% CO 2.

Antibodies

aBRCA2F8 and aBRCA2F9 are rabbit polyclonal antibodies raised against C-terminal
fragments of BRCA2 (residues 2,800-3,000 and 3,265-3,418, respectively) as GST fusion
proteins. cPALB2N200 was generated against the N-terminal 200 residues of PALB2.
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These antibodies were affinity-purified after GST reactive antibodies were removed by
multiple passages of the sera through an immobilized GST column. TP15 (BRCA2) was
a mouse monoclonal raised against the N-terminal 1,000 residues of BRCA2.
Monoclonal Ab-1 (BRCA2) and Ab-4 (BRCAI) were purchased from Oncogene
Research Products. SDI18 (BRCA1) was described before 8. Polyclonal anti-BRCAI
(07-434) and anti-Rad51 (FBE) were purchased from Upstate and BD Pharmingen,
respectively. Monoclonal anti-ca-Tubulin, HAI I and anti-Gal4(RK5C1) were purchased
from Sigma, Covance and Santa Cruz, repectively. FJTC-conjugated anti-BrdU
monoclonal antibody was purchased from DB Biosciences.

Plasmids and siRNAs

The recombinant retroviral vector used to generate T98G cells stably expressing PALB2
was constructed by cloning RT-PCR amplified PALB2 cDNA into pOZ-FH-N (from Dr.
Y. Nakatani). For domain mapping, BRCA2 cDNA fragments were PCR-amplified and
cloned into a FLAG-HA double tagging vector modified from pCMV-Tagl (Stratagene).
For HDR-inhibition assay, the N-terminal 60 residues of BRCA2 was cloned into pCMX-
Gal4(N) (from R. Evans). Site-directed mutagenesis was performed following
Stratagene's "QuickChange" protocol. siRNAs were purchased from Dhamacon Inc. or
Qiagen Inc.. The sense sequences of NSC (non-specific control), 2182 (PALB2), BRCA1
and BRCA2 siRNAs are UUCGAACGUGUCACGUCAAdTdT,
CUUAGAAGAGGACCUUAUUdTdT, CCUAUCGGAAGAAGGCAAGdTdT and
GAAGAAUGCAGGUUUAAUAdTdT, respectively. 218S (PALB2 custom
"smartpool") was synthesized by Darmacon. Multiple other siRNAs for each of BRCA2,
PALB2 and BRCA1 were also used and similar effects were observed.

Cell extracts and fractionations

NETN buffers (20mM Tris (pH7.5 at 25°C), 1mM EDTA, 0.5% NP-40, containing 100,
300 or 420mM NaC1) were used for extract preparations and cell fractionations. Extracts
generated by direct lysis/extraction of whole cells with NETN300 or NETN420 were
designated as W300 and W420, respectively. For salt fractionation, cells were first lysed
with NETN100 and the supernatant was taken as S100. The pellet was then extracted
with of NETN420 and the supernatant was taken as S4200. The final pellet was
resuspended in same volume of NETN420 and saved as P420. To separate cytoplasm and
nuclei, cells were first swollen in hypotonic buffer for 10 min on ice and then broken
with a tissue homogenizer. Supernatant (cytoplasm) was taken as CYT and the pellet as
WN (whole nuclei). If necessary, nuclei were further sequentially extracted with
NETN100 and NETN420 to yield NS100, NS420 and NP420 (pellet). All fractionations
were carried out in the same volume. When whole cells, nuclei or any pellets were to be
analyzed by Western blotting, they were sonicated before SDS sample buffer was added.

Transfections and immunoprecipitations

FuGENE 6 (Roche) was used for DNA and Oligofectamine (Invitrogen) for siRNA
transfections. In transient expression/immunoprecipitation experiments, 293T cells were
transfected in 6 well plates. 36 to 48 hr after transfection cells were harvested and whole
cells extracts prepared in 300gl NETN420. FLAG-tagged fragments were precipitated
with M2-agarose beads and Gal4-BRCA2N60 fusions were precipitated with RK5C1
bound to protein A beads overnight at 4°C.
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Generation of U20S/DR-GFP reporter cells

U2OS/DR-GFP reporter cells were generated by selection of stable clones following
electroporation of the DR-GFP repair substrate DNA into U2OS cells. Hygromycin-
resistant clones were screened by Southern blotting to select those containing a single
copy of the substrate. A single clone was used in the study.

Recombination/repair assay

To test the effect of siRNA knockdowns, cells were first transfected with siRNAs using
Oligofectamine (Invitrogen) in 6-well plates at approximately 30-40% confluence; 24 hr
later the culture medium was refreshed; another 24 hr later, cells were transfected with I-
Scel expression plasmid (2jig per well); 72 hr after the second transfection, cells were
trypsinized and the single cell suspensions were analyzed by flow cytometry on a Becton
Dickinson FACScan. In the dominant negative assay, cells in 6-well plates at 50-60%
confluence were co-transfected with each of the Gal4-BRCA2N60 expression constructs
together with I-Scel expression plasmid (2ýtg each per well) and cells were harvested and
analyzed 72 hr later.

Mitomycin C sensitivity assay

Hela cells were treated with siRNAs for 48 hr before seeded into 96 wells plates at a
density of 3,000 cells per well. 4 hr after seeding, Mitomycin C (MMC) was added to
final concentrations of 0, 5, 10, 15 and 20ng/ml. 96 hr later, cell survivals were measured
using a MTT assay kit (Invitrogen).

KEY RESEARCH ACCOMPLISHMENTS:

"* Generated an array of BRCA2 antibodies
"* Identified and cloned PALB2, a completely novel protein, as a major BRCA2-

interacting protein
"* Generated several PALB2 polyclonal antibodies
* Established following:

1. PALB2 is a major physiological nuclear BRCA2 partner
2. PALB2 is required for the BRCA2 nuclear presence/localization
3. PALB2 is essential for BRCA2 nuclear functions
4. BRCA2/PALB2 interactions are disrupted by multiple cancer-associated BRCA2

mutations, indicating that PALB2 is essential for BRCA2 tumor-suppressing
function.

"* A manuscript has been written and is being submitted to Nature.

REPORTABLE OUTCOMES: N/A

CONCLUSIONS

During the years of grant support, I generated an array of BRCA2 antibodies and
identified/cloned a novel protein, PALB2, as a major nuclear partner and localizer of
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BRCA2. I have established that PALB2 is required for BRCA2 nuclear presence and its
functions in homologous recombinational repair of double-strand breaks and intra-S
phase damage checkpoint control. Importantly, BRCA2/PALB2 interaction is disrupted
by multiple cancer-associated BRCA2 mutations. My results indicate that PALB2 is
essential for the tumor suppressing functions of BRCA2 and may be a new tumor
suppressor gene in its own right. A manuscript has been written and is being submitted to
Nature.
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Figure 6 Xia et al
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Figure 1. PALB2 is a major physiological BRCA2 partner. a, Hela cells were lysed with

NETN300 and the whole cell extract (W300) was immunoprecipitated with protein A

beads alone (mock) or a monoclonal BRCA2 antibody (Ab-1). The precipitates were

resolved with a 4-12% Bis-Tris gel and stained with silver. BRCA2, Rad5l and PALB2

are marked with arrows. And the asterisks indicate the heavy and light chains of IgG. b,

W300 extracts of Hela, U2OS and W138 cells were immunoprecipitated with either

caPALB2N200 or another BRCA2 monoclonal antibody (TP15). The immunoprecipitates

were probed with antibodies against BRCA2 (Ab-1), PALB2 (aPALB2N200) and Rad51

(FBE). c, U2OS cells were fractionated into cytoplasm (CYT) and nuclei. The nuclei

were further fractionated into NS100, NS420 and NP420. WC denotes sonicated whole

cell (lane 1). d, S420 extracts of U2OS and MCF1OA cells were incubated overnight with

either proteins A beads alone (lane 1) or beads with excess amounts of affinity-purified

cxBRCA2F9 or oPALB2N200 (lanes 2 and 3, respectively); following immunodepletion

the remaining BRCA2 and PALB2 in the supernatant were analyzed by western blotting.

BRCA1 serves as an internal control as only a small percentage of it interacts with

BRCA2 or PALB2.

Figure 2. PALB2 colocalizes with BRCA1 and BRCA2 in nuclear foci. a, T98G cells

stably expressing FLAG/HA-double tagged PALB2 were co-stained with antibodies

against HA (HA11) or BRCA1 (07-434) at 0, 3 or 8 hr after radiation (15Gy). b, Above

cells were co-stained with HA 1I and cLBRCA2F8 antibodies 8 hr after radiation.

Figure 3. PALB2 is required for the nuclear localization of BRCA2 and Rad51. a-b,

U2OS cells were treated with either control (LUC-luciferase) or PALB2 siRNAs. 60 hr



later, cells were co-stained for BRCA 1 (SD 118)/BRCA2(c.BRCA2F8) or

BRCA1 (SDI 18)/Rad51(FBE). c-d, Hela cells were treated with control (NSC) or PALB2

(218S) siRNAs for 60 hr and then cytoplasm and nuclei were separated. Total cytoplasm

(CYT) and whole nuclei (WN) were analyzed by western blotting to detect BRCA2,

PALB2, BRCAI and Rad5 1, with tx-tubulin as a loading control (c). Alternatively, same

cells were fractionated into S100, S420 and P420 and then probed for the same set of

proteins (d). e, BRCA2 was immunoprecipitated with cBRCA2F9 from the S100 and

S420 fractions in d and the amounts of BRCA2, BRCA1, PALB2 and Rad51 in the

precipitates were analyzed.

Figure 4. PALB2 plays a crucial role in intra-S phase damage checkpoint control and

homologous recombinational repair of double strand breaks. a, U2OS cells treated with

control (NSC) or PALB2 (218S-"smartpool") siRNAs for 60 hr were pulse-labeled with

BrdU for 15 min at 0, 6 and 12 hr after 15Gy of ionizing radiation and stained with FITC-

conjugated anti-BrdU. Incorporation of BrdU (Y axis) and total DNA content (X axis)

were analyzed by flow cytometry. Cells in GI, S and G2 phases are indicated by left,

upper and right boxes. An arbitrary horizontal line is drawn in 6 hr panels to separate

cells that undergo normally reduced (below) or abnormally intensive (above) BrdU

incorporation following radiation. b, DR-U20S cells were treated with indicated siRNAs

for 48hr and then transfected with I-Scel expression plasmid to induced double strand

breaks. GFP positive cells were quantified by flow cytometry 72 hr later. The schematic

of the repair substrate integrated in the cells is shown on top. e, Hela cells were treated



with indicated siRNAs for 48 hr and then their mitomycin C (MMC) sensitivities were

measured using a MTT assay.

Figure 5. PALB2 interacts with the extreme N-terminus of BRCA2. FLAG-HA-double

tagged or Gal4-fusion fragments of BRCA2 were transiently expressed in 293T cells and

immunoprecipitated with anti-FLAG M2-agarose beads. The presence of PALB2 in the

precipitates was probed by western blotting using either M2 (a) or HAl I (h-f) antibodies.

In panel a, co-immunoprecipitation of Rad51 with BRCA2 fragments was also examined.

Figure 6. Loss of PALB2 interaction is correlated with loss of function among

unclassified BRCA2 clinical variants, a, The N-terminus of BRAC2. The residues

targeted by unclassified variations are shown in red, with their positions shown above and

changed-to amino acids shown below. The sequence responsible for PALB2 interaction is

boxed. b, Interactions between BRCA2 clinical variants and PALB2. The Ga14-B2N60

fusions were transiently expressed in 293T cells and then immunoprecipitated with a

a•Gal4 antibody. The amounts of PALB2 and EMSY (top panel) as well as that of the

fusions (middle panel) in the precipitates were analyzed by western blotting. Lane C was

loaded with 5% of input extract (from cells transfected with the vector expressing Gal4

DBD alone) and each other lane was loaded with 50% of precipitated material. The

expression levels of the fusion proteins were also determined (lower panel). c, Inhibition

of HDR. Each of above fusion constructs was co-transfected with I-Scel expressing

plasmid into DR-U2OS cells. 72 hr later, GFP positive cells were quantified by flow

cytometry.


