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PALB2 interacts with BRCA1 and BRCA2 in supercomplexes involved in DNA repair 
via homologous recombination. Heterozygous germline mutations in PALB2 confer a 
moderate risk of breast cancer while biallelic PALB2 mutations are linked to a severe 
form of Fanconi anaemia characterized by early childhood solid tumours and severe 
chromosomal instability. In contrast to BRCA1- or BRCA2-associated cancers, breast 
tumours in heterozygous PALB2 mutation carriers do not show loss of the wild type 
allele, suggesting PALB2 might be haploinsufficient for tumour suppression. To study 
the role of PALB2 in development and tumourigenesis, we have generated Palb2GT 
mouse mutants using a gene trap approach. Whereas Palb2GT/GT homozygous mutant 
embryos died at mid-gestation due to massive apoptosis, Palb2GT/+ heterozygous 
mice were viable and did not show any obvious abnormalities. Deletion of p53 
alleviated the phenotype of Palb2GT/GT embryos, but did not rescue embryonic 
lethality. In addition, loss of p53 did not significantly collaborate with Palb2 
heterozygosity in tumourigenesis in heterozygous or homozygous p53 knockout 
mice. Tumours arising in Palb2GT/+;p53+/– or Palb2GT/+;p53–/– compound mutant mice 
retained the wild type Palb2 allele and did not display increased genomic instability.

Introduction

PALB2 (‘Partner And Localizer of BRCA2’) was first identified as nuclear interactor of BRCA2. 
By promoting the nuclear localization and stability of BRCA2, PALB2 is required for proper 
homologous recombination (HR) and repair of double-strand DNA breaks (Xia et al., 2006). 
While the C-terminus of PALB2 binds to BRCA2, the N-terminal region was shown to bind 
to BRCA1, indicating that PALB2 may function as a direct physical link between both 
BRCA proteins (Sy et al., 2009; Zhang et al., 2009a, 2009b). Both interactions appear to be 
required for homology-directed DNA repair.
 Biallelic PALB2 mutations cause Fanconi anaemia (FA), a chromosomal instability 
disorder with clinical features like bone marrow dysfunction, growth retardation, 
congenital malformations and an elevated cancer risk (D’Andrea, 2010). Individuals 
with Fanconi anaemia caused by PALB2 mutations display a rare and severe variant of 
the disorder, Fanconi anaemia subtype N (FA-N), characterized by early onset of cancer 
(Reid et al., 2007; Xia et al., 2007). All individuals with FA-N developed tumours in early 
childhood and died before the age of four (Reid et al., 2007). FA-N is clinically similar to 
Fanconi anaemia subtype D1 (FA-D1), which is caused by biallelic BRCA2 mutations, and 
characterized by childhood cancers like Wilms’ tumour and medulloblastoma (Howlett et 
al., 2002; Alter et al., 2007).
 Since PALB2 was shown to interact with BRCA2 and to function in the DNA 
damage response (DDR) (Xia et al., 2006), Rahman and co-workers investigated whether 
PALB2 mutations also confer susceptibility to breast cancer. Monoallelic PALB2 mutations 
were identified in breast cancer patients from breast cancer families that were negative 
for mutations in either BRCA1 or BRCA2. Mutations in PALB2 conferred a 2.3-fold elevated 
breast cancer risk (Rahman et al., 2007), highlighting PALB2 as a novel breast cancer 
susceptibility gene. Heterozygous PALB2 germline mutations confer a moderate increased 
risk of cancer, similar to CHEK2, ATM and BRIP1 mutations (Walsh and King, 2007). Truncating 
mutations of PALB2 have also been linked to hereditary pancreatic cancer (Jones et al., 
2009). Intriguingly, in the PALB2-associated breast tumours that have been studied in 
more detail, no loss of the wild type allele was found (Erkko et al., 2007; Tischkowitz et 
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al., 2007). These data suggest that PALB2 may function as a haploinsufficient tumour 
suppressor. Although heterogenic loss of wild-type BRCA1 or BRCA2 alleles has been 
observed in BRCA-associated breast cancers (King et al., 2007), there was little evidence 
for haploinsufficiency of BRCA1 or BRCA2 in mammary tumour suppression in mice. 
Recently however, Brca2 heterozygosity was shown to promote KrasG12D driven pancreatic 
cancer development in mice (Skoulidis et al., 2010), suggesting context dependency of 
gene dosage effects.
 To study the function of PALB2 in development and tumourigenesis, we have 
generated Palb2 knockout mice using a gene trap approach. We show that homozygous 
null mutants die during embryonic development due to increased apoptosis. The Palb2 
knockout phenotype was alleviated on a p53 deficient background but there was no 
rescue from apoptosis and in utero lethality. Since Palb2 heterozygous mice showed no 
spontaneous tumour phenotype they were crossed with p53 knockout mice to analyze 
possible haploinsufficiency of PALB2 in tumourigenesis. However, Palb2 heterozygosity 
did not significantly affect onset or genomic instability of tumours in p53 homozygous or 
heterozygous knockout mice.

Materials and Methods

Generation of Palb2GT mutant mice
Mouse embryonic stem (ES) cells containing a gene trap in the Palb2 locus (clone CG0691) 
were obtained from the Sanger Institute Gene Trap Resource. ES cells were cultured in 
1xGMEM medium (Invitrogen) supplemented with sodium pyruvate (100mM), non-
essential amino acids, 10% fetal calf serum (FCS; Invitrogen), leukaemia inhibitory factor 
(LIF; 103 u/ml; Millipore) and 0.1mM β-mercaptoethanol (Merck). ES cells were checked 
for integration of the gene trap in the Palb2 locus by RT-PCR, subcloned and injected 
into C57Bl/6 blastocysts. Chimeric mice were obtained and subsequently bred with FVB 
females to achieve germline transmission. All animal experiments were approved by the 
local ethical review committee.

Mouse breeding
Palb2GT+/– mice (129/FVB) were crossed to Actb-Flpe+/– mice (C57BL/6) (Rodriguez et al., 
2000) to check whether the phenotype of homozygous Palb2GT mice was reversible. Actb-
Flpe+/–;Palb2GT/GTrev mice were bred with Palb2GT/+ mice to generate Palb2GTrev/GTrev or Palb2GT/GTrev 
mice. All other studies were performed on a mixed 129/FVB genetic background. Palb2GT/+ 
mice were crossed to p53+/– mice (Jonkers et al., 2001) to see whether the phenotype of 
Palb2GT homozygotes would be alleviated by a p53 deficient background. Palb2GT/+; p53+/– 
mice were intercrossed to analyze the phenotype of p53 deficient Palb2GT/GT mice. Palb2GT/+ 
mice were bred with Brca2+/– mice (Jonkers et al., 2001) to generate Palb2GT/+;Brca2+/–  mice. 
Weight and overall appearance of these compound heterozygous mice was compared to 
littermate controls. Palb2GT/+; Brca2+/– animals were monitored for tumour development 
over a period of more than 17 months. Littermate Palb2GT/+; p53+/– and Palb2GT/+; p53-/– mice 
were used for the tumour watch to eliminate possible effects of genetic background.

Isolation of mouse embryos 
Timed matings were performed between Palb2GT/+ male and female mice. The impregnated 
females were sacrificed at various time points after conception and uteri were isolated 
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in ice-cold PBS. The embryos were isolated by removing the muscular wall of the 
uterus, Reichert’s membrane and visceral yolk sac. Embryos were fixed overnight in 4% 
paraformaldehyde at 4°C and stored in 70% ethanol. For histological analysis embryos 
were further dehydrated and embedded in paraffin. 4mm thick sections were cut and 
stained with haematoxylin and eosin or used for immunohistochemistry.

Immunohistochemistry
Fixed sections were rehydrated and stained with primary antibodies. Endogenous 
peroxidases were blocked with 3% H2O2 and stained with biotin-conjugated secondary 
antibodies, followed by incubation with StreptABComplex (Dakocytomation). Substrate 
was developed with DAB (Dakocytomation). TUNEL staining was performed according 
to the manufacturer’s instructions (ApopTag peroxidase in situ apoptosis detection 
kit, Chemicon). The following primary antibodies were used: rat anti-ki67 (1:50; 
Dakocytomation), mouse anti-PCNA (1:40; Alexis) and rabbit anti-caspase-3 (1:200; Cell 
Signaling). The following (biotinylated) secondary antibodies were used: rabbit-anti-rat 
(1:400; Dakocytomation), goat-anti-mouse (1:600;Dakocytomation) and goat-anti-rabbit 
(1:800; Dakocytomation).

Genotyping
For DNA isolation for routine genotyping, mouse tail samples or yolk sacs were 
lysed in DirectPCR lysis reagent (Viagen) supplemented with 100mg/ml proteinase 
K (Sigma Aldrich). In order to locate the exact integration of the gene trap insertion, 
overlapping PCR amplicons compatible with a gene trap-specific primer were designed 
in intron 1 of Palb2. The product of Palb2 intron 1 primer 5’–atggaagagctttccggga–3’ in 
combination with the gene trap primer 5’-tgctatacgaagttatcgatgcg-3’ was sequenced 
to determine the integration site. Subsequently, the following genotyping primers 
were designed: Palb2-intron1-fwd (5’–ccagcagaaaagaaggacc–3’; primer 1), Palb2-
intron1-rev (5'–gttcccttagcagaagtgc–3'; primer 2) and pGT0lxr-En2-intron1-rev (5'–
gagcaccagaggacatcc–3'; primer 3). Primers 1 and 2 detect the wild type Palb2 allele (361 
bp product) and primers 1 and 3 detect the trapped Palb2GT allele (530 bp product).

Southern blot analysis
Genomic DNA was isolated from tissue by proteinase K lysis and organic extraction 
with phenol-chloroform. Southern blot analysis was performed using 10mg genomic 
DNA, digested with the appropriate restriction enzymes to determine the status of 
Palb2. Southern blotting and hybridization were performed as described previously 
(Jonkers et al., 2001). The Palb2 intron 1 probe was generated and radioactively 
labelled by PCR amplification of a 257 bp fragment using primers Palb2-int1-fwd (5’–
agcacttttgtgggactccagc–3’) and Palb2-int1-rev (5’–tggcagcatcctggaggaac–3’).

RNA analysis
RNA from ES cells and mouse tissues was isolated using Trizol (Invitrogen). RNA from 
PFA fixed embryos was isolated using the High Pure RNA Paraffin Kit (Roche). cDNA 
was synthesized using random hexamer primers and cloned AMV reverse transcriptase 
(Invitrogen). RT-PCR on Palb2 and the Palb2GT allele was performed using the following 
primers: Palb2-exon1-fwd (5’–atggaagagctttccggga–3’; primer 1), Palb2-exon4-rev (5’–
ctccagtctcctcatccag–3’; primer 2), Palb2-exon5-fwd (5’–ccaagcaacacctctacct–3’; primer 
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3) and Palb2-exon7-rev (5’–ctctgcagtgggagaaagt–3’; primer 4). Primer 1 and 2 produce 
a product of 268 bp; primer 5 and 7 produce a product of 309 bp. To control for input 
material, expression of the housekeeping gene Hprt was determined using primers Hprt-
fwd (5’–ctggtgaaaaggacctctcg–3’) and Hprt-rev (5’–tgaagtactcattatagtcaag-3’). These 
primers produce a product of 109 bp.

Analysis of thymic lymphomas
Materials and methods used to analyze thymic lymphomas are described in the 
Supplemental information. 

Results

No obvious abnormalities in heterozygous Palb2GT mice
To study the in vivo functions of Palb2, we used a mouse ES cell line from the Sanger 
Institute Gene Trap Resource carrying a gene trap insertion in intron 1 of Palb2 (Figure 
1A). Insertion of the gene trap at this position is predicted to result in a fusion of exon 
1 and βgeo, thereby disrupting transcription of Palb2. This was confirmed by RT-PCR 
(Figure 1D). To obtain Palb2GT mice, we subcloned the Palb2GT ES cell line and generated 
chimeric mice by blastocyst injection. Upon germline transmission of the Palb2GT allele, 
we tested the viability of homozygous Palb2GT mutants by intercrossing heterozygous 
mice and genotyping their offspring. Heterozygous Palb2GT mice were viable and born 
at the expected Mendelian ratio (Table 1A). Based on appearance and breeding capacity, 
these mice were indistinguishable from their wild type littermates. Cohorts of Palb2GT 
heterozygous mice and wild type littermates have now been monitored for more 
than 17 months for spontaneous tumour development (Supplemental information, 
Supplementary Figure 2). So far, we did not find any tumour or other abnormalities which 
could be linked to Palb2GT heterozygosity.

Palb2GT/GT embryos die at mid-gestation
The intercrosses between heterozygous Palb2GT/+ animals did not yield any homozygous 
Palb2GT/GT offspring (Table 1A), indicating in utero lethality due to loss of PALB2 expression. 
To rule out embryonic lethality due to mutations linked to the Palb2GT allele, we made 
use of the possibility to remove the FRT-flanked βgeo cassette of the gene trap by 
Flp recombinase (Figure 1A). This post-insertional modification of the trapped locus 
should restore Palb2 expression. We crossed Palb2GT/+ animals with the Actb-Flpe deleter 
strain (Rodriguez et al., 2000) to generate Actb-Flpe+/–;Palb2GTrev/+ mice. These mice were 
subsequently crossed to Palb2GT/+ mice to obtain Actb-Flpe+/–;Palb2GTrev/GTrev and Palb2GT/GTrev 
mice (Table 1B). Actb-Flpe+/–;Palb2GTrev/GTrev and Palb2GT/GTrev mice were viable, showing that 
the embryonic lethal phenotype of Palb2GT/GT mice was indeed caused by PALB2 deficiency.
 PALB2 is known to be essential for BRCA2 stability and function and Brca2 
knockout mice die at mid-gestation (Ludwig et al., 1997; Sharan et al., 1997; Suzuki et 
al., 1997; Bennett et al., 2000; Jonkers et al., 2001). To analyze the in utero phenotype 
of Palb2GT/GT mutants, we examined embryos from Palb2GT/+ intercrosses at several time 
points between gestation day 7.5 (E7.5) and E12.5 (Figure 2A-B and Table 1A). Between 
E7.5 and E9.5, Palb2GT/GT embryos were developmentally retarded but still present at the 
expected Mendelian frequency. However at E12.5, Palb2GT/GT embryos were no longer 
present, indicating that Palb2GT/GT embryos died between E9.5 and E12.5 (Table 1A).
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Increased apoptosis in Palb2GT/GT embryos
The retarded growth and development of the Palb2GT/GT embryos suggests defects 
in proliferation and/or increased apoptosis. We therefore analyzed expression of the 
proliferation markers ki67 and PCNA in E7.5–E9.5 embryos from Palb2GT/+ intercrosses by 
immunohistochemistry. Because of the developmental retardation of mutant embryos, 
E8.5 Palb2GT/GT embryos were compared to both E7.5 and E8.5 Palb2GT/+ and Palb2+/+ embryos. 
Expression of ki67 and PCNA was similar in E8.5 Palb2GT/GT embryos and E7.5 control 
littermates, indicating active cycling of most cells (Figure 2C, Supplemental information, 
Supplementary Figure 1A and data not shown). TUNEL and cleaved caspase-3 staining 
was used to check for DNA damage or apoptosis in the embryos. Palb2GT/GT embryos were 
strongly positive for both markers, and most of the positive cells contained pyknotic 
nuclei, indicating that PALB2 deficiency led to increased apoptosis in developing embryos 
(Figure 2D, Supplemental information, Supplementary Figure 1B and data not shown).

No genetic interaction between Palb2 and Brca2 in development and tumourigenesis
PALB2 has been described to promote nuclear localization and stability of BRCA2 (Xia et al., 
2006). It was suggested that the impact of PALB2 mutations on tumourigenesis is mainly 
due to impairment of BRCA2 activity. We therefore sought to investigate possible genetic 
interaction between Palb2 and Brca2 by monitoring spontaneous tumour formation in 

Figure 1. Characterization of the Palb2 gene trap allele. A. Schematic representation of the gene trap 
insertion in intron 1 of the Palb2 gene. F, En2, SA, pA and B indicate the FRT sites, the engrailed 2 sequence and its 
splice acceptor, the polyadenylation site of the gene trap vector and the BamHI restriction sites. Recombination 
of the FRT sites takes place upon activity of Flp recombinase. Palb2+, Palb2 wild type allele; Palb2GT, Palb2 gene 
trap allele; Palb2GTrev, Palb2 gene trap reverted allele. B. PCR genotyping of Palb2+/+, Palb2GT/+ and Palb2GT/GT mice. 
C. PCR genotyping of Actb-Flpe;Palb2GTrev/+ mice. Left panel: Palb2GT genotyping PCR; right panel: lacZ genotyping 
PCR. Lanes in left panel are comparable to lanes in right panel. D. RT-PCR of E10.5 Palb2+/+;p53–/–, Palb2GT/+;p53–/– 
and Palb2GT/GT;p53–/– embryos with two different primer sets. In the left panel primers in Palb2 exons 1 and 4 were 
used, generating a product of 268 bp. In the middle panel primers in Palb2 exons 5 and 7 were used, resulting in 
a product of 309 bp. In the left panel Hprt primers were used, generating a product of 109 bp. 

A

B DC
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Palb2GT/+;Brca2+/– mice, which were generated by crossing Palb2GT/+ mice to Brca2+/– mice 
(Jonkers et al., 2001), Palb2GT/+;Brca2+/– mice were viable, fertile and did not show any 
predisposition to spontaneous tumours or other abnormalities compared to wild type 
littermates or to Palb2GT/+ or Brca2+/– mice (Supplemental information, Supplementary 
Figure 2, Supplementary Table 1).

Partial developmental rescue of Palb2GT/GT;p53–/– mice
Homozygous Brca1 and Brca2 knockout mutants survive longer and progress further in 
development when bred onto a p53–/– or p21–/– background (Hakem et al., 1997; Ludwig et 
al., 1997). To investigate whether embryonic lethality of Palb2GT/GT mutant embryos could 
also be alleviated by loss of p53, Palb2GT/+ mice were crossed with p53+/– mice (Jonkers 
et al., 2001) to produce Palb2GT/+;p53+/– mice, which were subsequently intercrossed. 
Genotyping of the resulting offspring showed that no Palb2GT/GT;p53–/– mice were born, 
indicating that p53 deficiency did not rescue embryonic lethality of Palb2GT/GT mice (Table 
1C). To study whether p53 deficiency would partially rescue in utero development of Palb2 
knockout mice, we isolated E8.5–E11.5 embryos from Palb2GT/+;p53+/– intercrosses. Analysis 
of E10.5 embryos showed that Palb2 mutants indeed developed further in the absence of 
p53 (Figure 3A). Palb2GT/GT;p53–/– embryos were larger, had completely turned and clearly 
further developed than Palb2GT/GT;p53+/– littermate controls. Of note, also Palb2GT/GT;p53+/– 
embryos appeared more advanced in their development than age-matched Palb2GT/

GT;p53+/+ mutants (Figure 3A). Nevertheless, similar to Brca1 and Brca2 null embryos on a 
p53-deficient background, the embryonic lethality of Palb2GT/GT;p53–/– embryos was only 
delayed, and p53 loss did not prevent apoptosis (Figure 3B). At E11.5, no living p53–/–

;Palb2GT/GT embryos could be detected (Table 1C).

Table 1A. Genotype distribution of Palb2 GT/+ x Palb2 GT/+ offspring

Genotype All +/+ GT/+ GT/GT

E8.5 125 29 (31.3) 69 (62.5) 27 (31.3)

E9.5 23 5 (5.8) 11 (11.5) 7 (5.8)

E10.5 27 6 (6.8) 19 (13.5) 2 (6.8)

E12.5 12 5 (3) 7 (6) 0 (3)

Postnatal 31 9 (7.8) 22 (15.5) 0 (7.8)

B. Genotype distribution of Actb-Flpe;Palb2 GTrev/+ x Palb2 GT/+ offspring

Genotype All GTrev/GT GTrev/GTrev

Postnatal 21 4 (2.6) 4 (2.6)

C. Genotype distribution of Palb2 GT/+;p53 +/– x Palb2 GT/+;p53 +/– offspring

Genotype All GT/GT;+/+ GT/GT;+/- GT/GT;-/-

E8.5 9 1 (0.5) 0 (1.2) 1 (0.5)

E9.5 11 0 (0.7) 1 (1.4) 1 (0.7)

E10.5 11 0 (0.7) 2 (1.4) 2 (0.7)

E11.5 17 0 (1) 1 resorbed (2.2) 1 resorbed (1)

Postnatal 71 0 (4.3) 0 (9.2) 0 (4.3)

For each genotype the expected numbers of mice/embryos are indicated between brackets.
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Figure 2. Developmental phenotype of Palb2 knockout embryos. A-B. Analysis of Palb2 knockout embryos. 
Representative pictures of Palb2GT/+ and Palb2GT/GT embryos at E8.5 (A) or E9.5 (B). All pictures were taken at the 
same magnification. Scale bar represents 1mm. C-D. Cellular proliferation and apoptosis in Palb2 knockout 
embryos. Ki67 (C) and TUNEL (D) staining of E7.5 Palb2GT/+, E7.5 Palb2+/+ and E8.5 Palb2GT/GT embryos. All pictures 
were taken at a magnification of 40x.

A

B

C

D
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Palb2 heterozygosity does not affect tumourigenesis in p53-deficient mice
In the small number of PALB2 associated breast tumours that have been analyzed so far, 
no loss of the wild type PALB2 allele could be detected (Erkko et al., 2007; Tischkowitz et al., 
2007), raising the possibility that PALB2 functions as a haploinsufficient tumour suppressor. 
Since heterozygous Palb2GT mutants did not spontaneously develop any tumours, we 
decided to investigate the impact of Palb2 heterozygosity on tumourigenesis in p53+/– 
and p53–/– mice. We established cohorts of Palb2GT/+;p53–/–, Palb2+/+;p53–/–, Palb2GT/+;p53+/– 
and Palb2+/+;p53+/– mice, which were monitored for spontaneous tumour development. 
Similar to what was previously reported for homozygous p53Δ2–10 knockout mice (Jonkers 
et al., 2001), the median tumour latency of Palb2+/+;p53–/– mice was 84 days (Figure 4A). 
Palb2GT/+;p53–/– mice developed tumours with a comparable median latency of 80 days, 
and there was no significant difference between both cohorts (Log-rank p=0.9747). There 
was also no difference in tumour latency between Palb2GT/+;p53+/– and Palb2+/+;p53+/– 
mice (Figure 4C). Whereas we did not observe a difference in tumour spectrum between 
Palb2GT/+;p53–/– and Palb2+/+;p53–/–, mice (Figure 4B), we observed a higher frequency and 
earlier onset of thymic lymphomas in Palb2GT/+;p53+/– compound heterozygous mice 
compared to Palb2+/+;p53+/– mice (Figure 4C). However, the observed difference was not 
statistically significant (Log-rank p=0.735).

Palb2 heterozygosity does not affect genomic instability of p53–/– lymphomas
Although we did not observe effects of Palb2 heterozygosity on latency or spectrum 
of tumours in p53 mutant mice, we observed reduced Palb2 mRNA expression in Palb2 
heterozygous lymphomas compared to Palb2 wildtype control tumours (Figure 4D and 
Supplemental information, Supplementary Figure 3A). Importantly, this reduction in Palb2 
expression was not caused by LOH of Palb2 because all tumours had retained the Palb2 
wildtype allele (Supplemental information, Supplementary Figure 3B-D). To determine 
possible effects of Palb2 dosage reduction on genomic instability, we compared DNA 
ploidy and genomic aberrations in Palb2GT/+ versus Palb2+/+ lymphomas. Flow cytometry 
with anti-CD4 and anti-CD8 antibodies confirmed that both Palb2GT/+;p53–/– and 
Palb2GT/+;p53–/– tumours were of T-cell origin (Supplemental information, Supplementary 
Figure 3). Tumours expressed both CD4 and CD8 (double-positive), indicating that they 
consisted mainly of immature T-cells. This is in accordance with what has previously been 
described for thymic lymphomas in p53 deficient mice (Donehower et al., 1995).
 To assess tumour ploidy as well as chromosomal aberrations such as 
translocations and pericentric inversions, we used Combined Binary Ratio Labelling – 
Fluoresence In Situ Hybridization (COBRA-FISH) for multi-colour karyotyping (Szuhai and 
Tanke, 2006). COBRA-FISH on metaphase preparations of early-passage thymic lymphoma 
cells revealed that Palb2GT/+;p53–/– thymic lymphomas were euploid and displayed only few 
chromosomal rearrangements (Figure 5A).
 To investigate whether Palb2 heterozygosity leads to increased genomic 
instability, we measured DNA copy number aberrations (CNAs) in Palb2 heterozygous 
and wildtype lymphomas by high-resolution array comparative genomic hybridization 
(aCGH). KC_SMART analysis (Klijn et al., 2008) of aCGH profiles from 15 Palb2GT/+;p53–/– 
and 11 Palb2+/+;p53–/– lymphomas indicated no significant differences in CNA frequencies 
between both tumour groups (Figure 5B). To determine whether Palb2 heterozygosity 
affects general genomic instability, we used a segmentation algorithm (Venkatraman and 
Olshen, 2007) on each aCGH profile and counted the resulting segments. There was no 
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Figure 3. Partial developmental rescue of Palb2GT/GT;p53–/– embryos. A. Representative pictures of E10.5 
Palb2+/+;p53+/+, Palb2GT/GT;p53+/+, Palb2GT/GT;p53+/– and Palb2GT/GT;p53–/– embryos. The arrow indicates the allantois 
of the Palb2GT/GT;p53+/+ embryo. All pictures were taken at a similar magnification. Scale bar represents 1mm. B. 
Cleaved caspase-3 (CC3) staining representing apoptosis in E10.5 Palb2GT/+;p53+/-, Palb2GT/+;p53-/-, Palb2GT/GT;p53+/– 
and Palb2GT/GT;p53–/– embryos. All pictures were taken at a magnification of 10x.

A

B
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difference between Palb2GT/+;p53–/– and Palb2+/+;p53–/– lymphomas based on total segment 
count (Figure 5C) or on frequency of segments that report homozygous deletions (Figure 
5D).
 PALB2 has recently been linked to suppression of sister chromatid exchange (SCE) 
(Sy et al., 2009), raising the possibility that haploinsufficiency of PALB2 in SCE suppression 
might contribute to tumour development in heterozygous PALB2 mutation carriers. To test 
this possibility, we measured SCE frequencies in activated splenocytes from heterozygous 
Palb2GT/+ mice and wild type control mice. Analysis of at least 20 metaphases of three 
individual Palb2GT/+ mice did not show any difference in the frequency of SCEs compared 
to Palb2+/+ controls (Supplemental information, Supplementary Table 2).

Figure 4. Tumour development in 
Palb2GT/+;p53–/– and Palb2GT/+;p53+/– 
mice. A. Tumour free survival 
curves of Palb2GT/+;p53–/– mice (n=28, 
orange curve) and Palb2+/+;p53–/– 
mice (n=37, blue curve). Median 
latency of tumour development in 
Palb2GT/+;p53–/– and Palb2+/+;p53–/– 
mice is 84 and 80 days, respectively. 
Statistical analysis was performed by 
a log-rank test (p=0.97). B. Tumour 
spectrum in Palb2GT/+;p53–/– and 
Palb2+/+;p53–/– mice. C. Tumour free 
survival curves of Palb2GT/+;p53+/– 
mice (n=50, orange curve) and 
Palb2+/+;p53+/– mice (n=48, blue 
curve). Thymic lymphomas are 
depicted with open circles. 
Statistical analysis was performed 
by a log-rank test (p=0.74). D. Palb2 
mRNA expression in Palb2+/+;p53–/–, 
Palb2GT/+;p53–/– and Palb2GT/+;p53+/– 
thymic lymphomas. qRT-PCR of Palb2 
exons 1-4 in a Palb2+/+ thymus, a 
Palb2GT/+ thymus, 11 Palb2+/+;p53–/–, 10 
Palb2GT/+;p53–/– and 7 Palb2GT/+;p53+/– 
thymic lymphomas. Values were 
corrected for Hprt expression and 
normalized to expression of Palb2 
in normal thymus. All samples were 
measured in duplo.
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Discussion

In this study, we have used a gene trap mouse model to investigate the biological 
functions of PALB2 in vivo. Insertion of the gene trap in the first intron of Palb2 resulted 
in abrogation of PALB2 expression and a functional null allele. As recently described by 
Rantakari et al. (Rantakari et al., 2010) and similar to Brca1 and Brca2 knockout mice, Palb2GT/

GT mutants showed a severe developmental delay and died between post implantation 
and mid-gestation. This phenotype could be completely rescued by reverting the gene 

Figure 5. No increased 
genomic instability in 
Palb2GT/+;p53–/– tumours. 
A. COBRA FISH analysis 
of Palb2GT/+;p53–/– thymic 
lymphoma cells from 2 
different tumours. B. KC-SMART 
analysis of aCGH data derived 
from Palb2GT/+;p53–/– and 
Palb2+/+;p53–/– tumours. Shown 
are kernel smoothed estimate 
(KSE) curves representing 
recurrent DNA copy number 
aberrations in Palb2GT/+;p53–/– 
lymphomas (red) and 
Palb2+/+;p53–/– tumours 
(green). C. Quantification 
of genomic instability by 
counting the number of 
copy number segments per 
tumour. D. Histograms of 
numbers of homozygous 
deletions per tumour, for 
either the Palb2GT/+;p53–/– or the 
Palb2+/+;p53–/– lymphomas.
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trap mutation, demonstrating that lethality was not due to co-segregating mutations in 
the ES clone used to generate the mice.
 Palb2GT/GT embryos showed a significantly reduced growth although most cells 
still expressed proliferation markers. Compared to age- or stage-matched controls the 
abundance of apoptotic cells was increased. Since most of these TUNEL and cleaved 
caspase-3 positive cells contained pyknotic nuclei we conclude that Palb2GT/GT embryos 
died of apoptosis-related growth impairment. Whereas most Brca1 and Brca2 mutants 
are thought to die because of hypoproliferation, increased apoptosis has been noticed in 
some Brca1 hypomorphic mouse mutants (Hohenstein et al., 2001; Xu et al., 2001).
 In contrast to Fanconi anaemia patients with biallelic PALB2 mutations, the Palb2GT/

GT mutants were embryonic lethal, thus precluding the analysis of a possible Fanconi 
anaemia-like phenotype in this strain. This apparent discrepancy between mouse and 
human PALB2 mutants might suggest partial PALB2 activity in the few patients analyzed 
thus far (Reid et al., 2007; Xia et al., 2007). Mutant PALB2 protein might be expressed at 
very low levels or lack the N-terminal epitope, so that it escapes detection by western blot 
analysis. Similar to this scenario, mice and patients with Brca2 hypomorphic mutations 
were viable whereas Brca2 null mutants died during embryonic development.

Genetic interaction between PALB2 and p53 in development
In human BRCA1/2-associated breast tumours TP53 is more frequently mutated than in 
sporadic cases, suggesting selective pressure for loss of p53 in the absence of BRCA1 or 
BRCA2 (Greenblatt et al., 2001; Holstege et al., 2009). In support of this view, p53 deficiency 
alleviates the phenotype of Brca1 and Brca2 knockout mice (Hakem et al., 1997; Ludwig et 
al., 1997). In both cases, double mutants develop further and embryonic lethality is delayed 
for 1-2 days. Also Palb2GT/GT mice developed further on a p53-deficient background, but 
were not rescued from apoptosis-related embryonic lethality. This appears to be a general 
feature of HR deficient mouse mutants as it was also observed for Rad51 knockout mice 
(Lim and Hasty, 1996). Increased p21 mRNA expression without concomitant p53 mRNA 
induction in homozygous Palb2GT mutant embryos led Rantakari et al. to suggest that 
PALB2 deficiency induces a p53-independent proliferation arrest (Rantakari et al., 2010). 
This would argue against selection for loss of TP53 in PALB2-associated tumours. However, 
we show that p53 ablation does alleviate the embryonic phenotype of Palb2 knockout 
mice, suggesting as similar requirement for TP53 mutation in BRCA1/2- and PALB2-
associated tumours. Whether loss of p53 partially rescues Palb2GT/GT embryos through 
delayed or reduced apoptosis requires a more careful analysis of compound mutants at 
various stages of development.
 On a p53-deficient background Palb2-null embryos are able to form mesoderm 
derived structures such as heart muscle, arguing against an absolute requirement for 
Palb2 in mesoderm differentiation as reported by Rantakari et al (Rantakari et al., 2010). 
The development of conditional Palb2 mouse mutants will be helpful to more directly 
address this issue.

No evidence for haploinsufficiency of Palb2 in tumour suppression in mouse
As is the case for Brca1 and Brca2 knockout mice, monoallelic loss of Palb2 did not seem 
to result in tumour predisposition by itself. In addition, heterozygosity of Palb2 did not 
significantly accelerate tumourigenesis in p53-deficient mice. A possible explanation 
might be the rapid tumour development because of p53 deficiency alone, especially in 
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p53–/– mice. Like p53–/– mice, Palb2GT/+;p53–/– mice developed mainly hemangiosarcomas 
and CD4+;CD8+ thymic lymphomas. These Palb2 heterozygous lymphomas were euploid 
and did not contain more translocations or copy number changes than Palb2 wild type 
tumours. Increases in chromosomal abnormalities have been observed in compound 
mutants for p53 and other components of the DDR pathway, including Brca1 (Bachelier 
et al., 2003), Brca2 (Cheung et al., 2002) and 53bp1 (Ward et al., 2005; Morales et al., 2006). 
This may be explained because BRCA1/2 associated breast tumours are characterized 
by LOH, whereas there appeared to be no selection for the loss of the wild type PALB2 
allele in the Palb2 heterozygous lymphomas. This would be in agreement with previously 
published data on a small number of PALB2-associated human breast tumours (Erkko et 
al., 2007; Tischkowitz et al., 2007). The gene trap insertion reduced expression of Palb2 
mRNA in heterozygous Palb2GT/+ mice as well as in Palb2GT/+;p53–/– and Palb2GT/+;p53+/– 
lymphomas. However, this reduction in Palb2 mRNA dosage did not accelerate tumour 
development in Palb2GT/+;p53–/– and Palb2GT/+;p53+/– mice, arguing against haploinsufficient 
tumour suppression by PALB2. Haploinsufficiency of PALB2 as a tumour suppressor 
might have important consequences for tumour treatment strategies in PALB2 mutation 
carriers. Possibly tumours in heterozygous mutation carriers are sensitive to DNA 
damaging treatments. However, without loss of the wild type allele it seems likely that 
such tumours will be relatively insensitive. Because of the low number of breast cancer 
patients diagnosed with a PALB2 mutation, we believe that mouse models for PALB2-
associated mammary tumourigenesis will be important to address this issue. Given 
the lack of tumour predisposition in heterozygous Palb2 mutant mice, transplantation 
models (Marangoni et al., 2007) of human PALB2 mutant breast tumours in mice might 
be instrumental. The feasibility of such an approach has recently been demonstrated for a 
human BRCA2 mutant breast tumour xenograft model that maintained the characteristics 
of the origininal tumour including chemotherapy responses (de Plater et al., 2010).
 In summary, we have used a gene trap approach to investigate the functions of 
PALB2 in vivo. While loss of PALB2 leads to apoptosis and embryonic lethality, we found 
no evidence for PALB2 haploinsufficiency in suppressing tumourigenesis in p53+/– or p53–

/– mice. Further analysis of tumours in conditional mouse models and human-in-mouse 
models of PALB2 deficiency is expected to give more insight to the role of PALB2 mutations 
in FA and PALB2 associated cancer. 
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Supplemental Information

Supplementary Table 1. Genotype distribution of offspring from Palb2GT/+ x Brca2+/- crosses

Genotype Expected Observed

All - 68

Palb2+/+;Brca2+/+ 17 18

Palb2GT/+;Brca2+/+ 17 17

Palb2+/+;Brca2+/- 17 20

Palb2GT/+;Brca2+/- 17 13

Supplemental figures and tables
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Supplementary Figure 1. Survival of offspring from Palb2GT/+ x Brca2+/– intercrosses. Survival curves are 
shown for the following cohorts of mice: Palb2GT/+;Brca2+/– (n=12, purple curve), Palb2+/+;Brca2+/– (n=23, orange 
curve), Palb2GT/+;Brca2+/+ (n=17, blue curve), Palb2+/+;Brca2+/+ (n=18, green curve).
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Supplementary Figure 2. Cellular proliferation and apoptosis in Palb2 knockout embryos. A. Ki67 staining 
of E7.5 Palb2GT/+, E7.5 Palb2+/+ and E8.5 Palb2GT/GT embryos. B. TUNEL staining of E7.5 Palb2GT/+, E7.5 Palb2+/+ and 
E8.5 Palb2GT/GT embryos. Pictures were taken at a 10 or 20 times magnification.
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Supplementary Figure 3. DNA and RNA analysis of Palb2GT/+;p53–/– and Palb2+/+;p53–/– lymphomas. A. qRT-
PCR of Palb2 exons 1-4 in lymphomas from 11 Palb2+/+;p53–/–, 10 Palb2GT/+;p53–/–, and 7 Palb2GT/+;p53+/– mice. Values 
were corrected for Hprt expression and normalized to Palb2 expression levels in normal Palb2+/+ thymus. All 
samples were measured in duplo. B-D. Retention of Palb2 wild-type allele in Palb2+/+;p53–/– and Palb2GT/+;p53–/– 
lymphomas. Southern blot analysis of Palb2GT/+;p53+/– lymphomas (B) and Palb2+/+;p53–/– tumors (C). The upper 
band represents the Palb2+ allele; the lower band the Palb2GT allele. D. PCR genotyping of Palb2 in a panel of 15 
Palb2GT/+;p53–/– lymphomas and 16 Palb2+/+;p53–/– tumors. The upper band represents the Palb2GT allele; the lower 
band the Palb2+ allele.
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Supplementary Figure 4. Characterization of Palb2GT/+;p53–/– lymphomas. A. Microphotographs of 
representative lymphoma sections stained with H&E at two different magnifications. Scale bar in left picture 
represents 200 µm and scale bar in right picture represents 20 µm. B. Flow cytometric analysis of Palb2GT/+;p53–/– 
lymphoma cells for CD4/CD8 and CD19/B220 surface markers. Percentages of cells in each quadrant are 
indicated.

Supplementary Table 2. Sister chromatid exchanges (SCEs) in Palb2GT/+ and Palb2+/+ splenocytes

Sample Genotype Chromosomes SCEs/chromosome SCEs/metaphase

1 Palb2GT/+ 1099 0.16 6.5

2 Palb2GT/+ 784 0.11 4.5

3 Palb2GT/+ 1234 0.14 5.8

4 Palb2+/+ 1064 0.16 6.5

5 Palb2+/+ 1979 0.11 4.4

6 Palb2+/+ 1183 0.15 5.9

CD4

CD8

CD19

B220

200 m 20 m

 

 

A

B



Chapter 4

4

90

Supplementary Methods

Establishment and culture of thymic lymphomas
Tumor cohorts were monitored at least three times a week. Mice were sacrificed when 
moribund and thymic lymphomas were harvested. Single cell suspensions of lymphoma 
cells were immediately taken into culture at several dilutions in 24-well format. Non-
adherent lymphoma cells were grown in DMEM medium (Gibco; Invitrogen) supplemented 
with 10% FCS (Invitrogen), 5x10–5 M β-mercaptoethanol (Merck), 10% interleukin-7 
conditioned medium (a kind gift from Dr. Heinz Jacobs) and antibiotics. Alternatively, 
single cell suspensions of lymphoma cells were first frozen down at -80°C in a mixture 
of 60% serum free DMEM medium, 30% FCS and 10% DMSO (Merck). At a later time, 
cryopreserved lymphoma cells were taken into culture following the same procedure as 
described earlier.

Flow cytometry
Cells were harvested, washed with PBS, spun down for 2 min at 1200 rpm and resuspended 
in PBS supplemented with 1% BSA (Sigma). Samples of 5 x 105 cells were incubated for 20 
min at 4 °C in the dark with a 1:200 dilution of directly conjugated monoclonal antibodies 
in PBS+BSA. The following antibodies were used: FITC-conjugated anti-CD4 (clone GK.1.5), 
PE-conjugated anti-CD8 (clone 53-6.7), FITC-conjugated anti-CD19 (clone MB19-1), PE-
conjugated anti-B220 (CD45R, clone RAS3-6B2) and APC-conjugated anti-CD45 (clone 
30-F11) (eBioscience). Subsequently, cells were washed twice with PBS+BSA and 7-AAD 
(eBioscience) was added (1:10) to exclude dead cells. Data acquisition and analysis were 
performed on a FACSCalibur (Becton Dickinson) using FlowJo software (Tree Star, Inc.).

Array comparative genome hybridization (aCGH)
Genomic DNA of tumor and spleen samples was extracted by proteinase K lysis and organic 
extraction with phenol-chloroform. aCGH analysis of thymic lymphomas was carried 
out by Roche Nimblegen Systems Inc. (http://www.nimblegen.com). Methods of DNA 
labeling, array construction and hybridization, as well as methods for array normalization 
and data analysis have been described previously (Selzer et al., 2005). In brief, tumor and 
reference (spleen) samples were fragmented by sonification and random-prime labeled 
with Cy3 and Cy5 dyes. Labeled material was co-hybridized to microarrays consisting of 
385.000 oligonucleotide probes throughout the mouse genome (median probe spacing: 
5.8kb). Arrays were scanned at 532nm (Cy3) and 635nm (Cy5) using a microarray scanner 
and data were extracted using NimbleScan software. After normalization and log2-ratio 
calculation, copy number gains and losses were identified using the segMNT algorithm 
included in Nimblescan software.

KC-SMART analysis of aCGH data
KC-SMART analysis (Klijn et al., 2008) was performed using the R implementation 
available through the Bioconductor software package (www.bioconductor.org), using 
the comparative module. The comparative module uses single tumor smoothed profiles 
calculated by kernel regression to compare two classes via the SAM algorithm (Tusher 
et al., 2001). We used standard parameters for the comparative analysis with 1000 
permutations.
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Quantification of homozygous deletions from aCGH data
Using normalized log2 data obtained from the Nimblegen software we segmented each 
sample DNAcopy R package. The DNAcopy package is an implementation of the Circular 
Binary Segmentation algorithm (Venkatraman and Olshen, 2007). Prior to segmentation 
we applied single outlier smoothing as implemented in the DNAcopy package. We used 
standard parameters for the segmentation. We counted the total number of individual 
segments per tumor to score genomic instability. We regarded a segment as a homozygous 
deletion when the segment log2 value was < -0.5. To control for noise-induced small 
segments we required each segment to contain at least 10 probes.

Combined Binary Ratio labeling (COBRA) FISH
Metaphase spreads were prepared according to standard protocols. COBRA FISH analysis 
was done as described by Szuhai and Tanke (Szuhai and Tanke, 2006). Mouse whole 
chromosome libraries were kindly provided by Dr. Michael Speicher (Graz, Austria). The 
21 whole chromosome libraries were amplified by degenerate-oligonucleotide priming 
polymerase chain reaction (DOPPCR) and chemically labeled by the Universal Linkage 
System (ULS; Kreatech Diagnostics). The mouse chromosome DNA samples were labeled 
using DEAC, Cy3 and Cy5 as ratio-fluorochromes. The odd-numbered chromosomes 
and the Y-chromosome were additionally binary labeled with rhodamine green. After 
hybridization and posthybridization washes, slides were counterstained with DAPI 
immersed in antifading solution (Citifluor; Agar). Digital fluorescence imaging was 
performed using a Leica DM-RXA epifluorescence microscope (Leica). Image analysis was 
done using the COBRA FISH software (Tanke et al., 1999).

Sister Chromatid Exchange (SCE) analysis
For the analysis of SCEs, splenocytes were isolated from Palb2GT/+ and Palb2+/+ siblings 
and from Blmm3/m3 mice (Luo et al., 2000) at 1-2 months of age.  2-4 x 106 cells/ml were 
plated in DMEM containing 10% FCS, 10% IL7 conditioned medium and 2.0 µg/ml ConA 
(Sigma). After 18h, the cells were incubated either with 5 ng/ml MMC in the presence 
of 10 μM bromodeoxyuridine (BrdU) or with 10 μM BrdU alone. After another 22 hr in 
culture, colcemid was added to a final concentration of 100 ng/ml for 3 hr before harvest 
and preparation of chromosome spreads. Cells were treated with 75 mM KCL for 15 min 
at 37 °C and fixed with 3:1 dried methanol:acetic acid. Slides were air dried, incubated 
with Hoechst 33258, exposed to ultraviolet light, stained with 3% Giemsa and embedded 
in Pertex (Surgipath). For each individual culture at least 20 metaphases were evaluated.
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