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Abstract
Around 5–10% of all breast cancers stem from a strong hereditary predisposition to the disease.
Mutations in currently known breast cancer predisposing genes, however, account for only
25–30% of all hereditary breast cancer cases, BRCA1 and BRCA2 being the two major ones. Since
BRCA1 and BRCA2 participate in the DNA damage response, mutations in other genes, such as
PALB2 and RAP80, which are involved in these pathways, may also predispose to breast tumours.
Therefore, the aim of this study was to evaluate variations of the human PALB2 and RAP80 genes
as novel potential candidates for breast cancer susceptibility and to further characterize the role of
PALB2-deficiency in cancer development.
A mutation, c.1592delT, was identified in PALB2 at an elevated frequency among breast
cancer patients (0.9%) compared to controls (0.2%) (P = 0.003, OR 3.94, 95% CI 1.5–12.1).
Among familial cases the frequency was even higher (2.7%). This mutation represents a genuine
loss-of-function mutation since its protein product showed significantly decreased BRCA2binding affinity and could neither support homologous recombination nor restore crosslink repair
in PALB2-deficient cells.
Heterozygous PALB2 c.1592delT carriers displayed haploinsufficiency of PALB2 marked by
aberrant DNA replication and DNA damage response that led to a significant increase in genomic
instability. As the tumours were negative for loss of heterozygosity at this chromosomal locus,
these findings provide a mechanism for the early stages of breast cancer development in PALB2
c.1592delT carriers.
Palb2 was also found to play a critical role in early mouse development. As in Brca1/2deficient embryos, homozygous inactivation of Palb2 resulted in embryonic lethality due to
mesoderm differentiation and cell proliferation defects. The phenotypic similarity of Palb2 and
Brca1/2-deficient mice further supports the close functional relationship shown in vitro for these
proteins.
A novel mutation, delE81, was identified in RAP80 in one out of 112 breast cancer families,
and in one patient diagnosed with bilateral breast cancer out of 503 unselected breast cancers. The
resultant delE81 protein displayed significantly reduced ubiquitin binding and double-strand
break (DSB) localization. Furthermore, it impaired the recruitment of the whole BRCA1-A
complex to the site of DSBs, thus compromising BRCA1-mediated DNA damage response
signalling. Although the mutation is quite rare, the current results indicate that the RAP80 delE81
defect is biologically relevant and is likely associated with a hereditary predisposition to breast
cancer.

Keywords: DNA damage response, DNA repair, DNA replication, genetic
predisposition to breast cancer, haploinsufficiency, mouse embryonal development
failure, PALB2, RAP80
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Tiivistelmä
Arviolta 5–10 % rintasyöpätapauksista aiheutuuu merkittävästä perinnöllisestä alttiudesta sairauteen. Mutaatiot tähän mennessä tunnistetuissa rintasyövän alttiusgeeneissä, joista BRCA1 ja
BRCA2 ovat tärkeimmät, selittävät kuitenkin vain 25–30 % kaikista perinnöllisistä rintasyöpätapauksista. Tämän tutkimuksen tarkoituksena on arvioida PALB2- ja RAP80-geenien mahdolliset
vaikutukset rintasyöpäalttiuteen, sekä määrittää tarkemmin PALB2:n vaikutus syövän kehitykseen.
PALB2:sta löydettiin mutaatio, c.1592delT, jota esiintyi merkittävästi enemmän rintasyöpäpotilailla (0,9 %) kuin kontrollihenkilöillä (0,2 %) [P = 0.003, OR 3.94, 95 % CI 1.5–12.1].
Kaikista yleisimmin geenimuutos esiintyi perinnöllisten ritasyöpätapausten joukossa (2,7 %).
Mutaatio aiheuttaa toiminnallisesti viallisen proteiinin, joka sitoutuu BRCA2:n kanssa normaalia
heikommin, eikä se pysty kunnolla toimimaan homologisessa rekombinaatiossa tai ristikkäiden
DNA-virheiden korjauksessa.
Heterotsygoottisen PALB2 c.1592delT-mutaation aiheuttaa PALB2-geenin haploinsuffisienssi
joka ilmentyy kantajien soluissa epänormaalina DNA:n kahdentumisena ja DNA-vauriovasteena, jotka johtavat merkittävästi kohonneeseen genomin epävakaisuuteen. Jo kyseiset toiminnalliset puutteet näyttävät tarjoavan pätevän selityksen PALB2 c.1592delT kantajien merkittävästi
suurentuneelle rintasyöpäriskille ja lienee myös syy siihen, ettei potilaiden kasvaimissa havaittu
normaalin vastinaleelin menetystä.
Palb2:lla on keskeinen rooli hiiren alkiokehityksessä. Kuten Brca1/2-puutteellisissa alkioissa, myös homotsygoottinen Palb2-inaktivaatio aiheuttaa alkioiden enneaikaisen kuoleman, joka
aiheutuu puutteista mesodermin erilaistumisessa ja hidastuneesta solujen kasvussa. Palb2- ja
Brca1/2-puuttellisten hiirien samankaltaisuus vahvistaa ennestään näiden proteiinien toiminnallista yhteyttä, joka on osoitettu jo aikaisemmin laboratorio-oloissa.
RAP80-geenistä löydettiin uusi mutaatio, delE81, yhdestä 112 tutkitusta rintasyöpäperheestä.
Kyseinen muutos nähtiin myös yhdessä molemminpuoliseen rintasyöpään sairastaneessa potilaassa valikoimattomassa 503 tapauksen kattavasta aineistosta. Mutatoitunut proteiinituote
vähensi huomattavasti DNA-vauriovastekompleksin kykyä sitoutua ubikitiiniin ja paikallistua
DNA-kaksoisjuostekatkoksille. Ennen kaikkea mutaatio heikensi BRCA1-A kompleksin kuljetuksen DNA-vauriopaikalle, vaarantaen BRCA1-välitteisen DNA-vauriovasteen. Harvinaisuudesta huolimatta nämä tutkimustulokset osoittavat RAP80 delE81 vaikutuksen olevan biologisesti merkittävä. Kyseinen synnynnäinen RAP80-geenimuutos altistaa mitä todennäköisimmin
kantajansa rintasyövälle.

Asiasanat: DNA-korjaus, DNA-replikaatio, DNA-vauriovaste, haploinsuffisienssi,
PALB2, perinnöllinen rintasyöpäalttius, RAP80
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Introduction

Cancer is a complex disease caused by a combination of genetic, epigenetic and
environmental factors, and arises from a clone of cells that expands in an
unregulated fashion because of somatically acquired genomic defects. Breast
cancer is the most common form of malignancy and the second leading cause of
cancer mortality among women (Downs-Holmes & Silverman 2011). Every year
~1.4 million women are diagnosed with breast cancer, which accounts for about
23% of all cancers, and around 500 000 breast cancer related deaths are reported
yearly worldwide (American Cancer Society 2011). In Finland, breast cancer
accounts for ~32% of all cancers and 16% of all cancer related deaths. In 2010
alone, around 4700 new breast cancer cases and 900 breast cancer related deaths
were reported (Finnish Cancer Registry 2010).
Approximately 5–10% of all breast cancers stem from a hereditary
predisposition to the disease (Claus et al. 1996, Narod & Foulkes 2004, Parkin
2004). The main indicators for a hereditary disease predisposition are: familial
clustering of breast cancers, early disease onset (under 50 years), and occurrence
of multiple primary tumours in the same individual (Barrett 2010). BRCA1 and
BRCA2 (FANCD1) are the two main breast cancer predisposing genes. They
confer a high disease susceptibility and together account for ~16% of all familial
breast cancers. These genes also predispose to ovarian cancer, and a substantial
percentage of families with breast and ovarian cancers harbour mutations in
BRCA1 and/or BRCA2 (Ford et al. 1998, Miki et al. 1994, Narod 2002, Wooster
et al. 1995). At present 9–14% of all remaining familial breast cancers, not due to
BRCA1/2, are likely to be explained by mutations in other known susceptibility
genes, including TP53, PTEN, STK11 (LKB1), CDH1, ATM, BRIP1
(BACH1/FANCJ), CHEK2, NBS1, RAD50 and various low risk factors.
Interestingly, some of these genes are also connected to certain rare inherited
cancer predisposing syndromes, like Fanconi anemia (FA; BRCA2, BRIP1), LiFraumeni cancer syndrome (TP53), Cowden syndrome (PTEN), Peutz-Jegher
syndrome (STK11) and hereditary diffuse gastric cancer (CDH11). However,
mutations in currently known breast cancer predisposing genes only account for
about 25–30% of all familial breast cancers, leaving currently ~70% unexplained
(Ellsworth et al. 2010, Turnbull & Rahman 2008). Hence, it is crucial to search
for new susceptibility genes and other disease predisposing factors, in order to
provide better criteria for diagnosis, clinical counselling, and therapeutic
intervention. The importance of addressing the complexity of breast cancer and
15

the development of customized treatments are essential for success in the fight
against this common disease.
Genes responsible for childhood cancer syndromes also represent good
candidates for breast cancer predisposition as many of the known susceptibility
genes have been linked to cancer syndromes, especially childhood cancer (e.g.,
ATM in ataxia telangiectasia and BRCA2 and BRIP1 in FA) (Easton 1994,
Mathew 2006, Savitsky et al. 1995). However, most of the more recently
discovered breast cancer susceptibility genes are involved in the DNA damage
response (DDR), as are also BRCA1/2, and the protein products of these genes
usually interact with or otherwise contribute to the functions of BRCA1 and
BRCA2 in DDR. Therefore, novel breast cancer predisposition genes might be
revealed by further investigation of DNA repair pathways. Moreover, genes
whose protein products associate with BRCA1/2 have proved to be excellent
candidates for familial breast cancer susceptibility and several such genes have
already been identified (e.g. CHK2, BRIP1, ATM, ABRAXAS) (Meijers-Heijboer
et al. 2002, Pylkäs et al. 2007, Seal et al. 2006, Solyom et al. 2012). The use of
population isolates with founder mutations of higher prevalence than is typical of
outbred populations can also empower the search for new breast cancer
predisposing factors (Erkko et al. 2007). The Finns represent a particularly good
population for genetic studies as Finland was geographically isolated for centuries,
which has resulted in a genetically more homogenous population. Consequently,
many disease-causing alleles might be enriched among the Finns.
In the current study, we have evaluated the PALB2 and RAP80 genes as
potential candidates for breast cancer susceptibility. These genes were chosen
based on their interactions with BRCA1/2 and their crucial role in DDR. The
coding regions and exon-intron boundaries of PALB2 and RAP80 were screened
for mutations in Northern Finnish breast cancer families in order to define the
potential pathogenicity of the observed variants. Statistical, in silico and
functional analyses were used to assess the potential functional significance of the
mutations observed. In addition, the cancer-related PALB2 c.1592delT mutation
was further examined in order to resolve the functional mechanism by which the
mutation causes an elevated cancer risk for heterozygous carriers. Finally, the role
of PALB2-deficiency in early mouse embryogenesis was investigated.
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2

Review of the literature

2.1

Origin of cancer and characteristic features

Cancer is mainly a disease of the genome arising from a clone of cells that
expands in an unregulated fashion due to somatically acquired mutations and
other dysregulatory defects of the genome. It is estimated that each cell
undergoes >20 000 DNA damaging events (Lange et al. 2011, Lindahl & Wood
1999) and >10,000 replication errors per cell per day (Loeb 2011). Therefore,
mutations occur throughout the genome, and include the genes responsible for
maintaining genomic stability. DNA damage that escapes correction by base
excision repair (BER) or nucleotide excision repair (NER) can generate
misincorporations during DNA replication. Misincorporations by mutant DNA
polymerases that escape mismatch repair (MMR) cause single-base substitutions.
Unrepaired DNA alterations and crosslinks that block DNA replication can cause
chromosomal rearrangements, amplifications and deletions (Lange et al. 2011,
Loeb 2011, Modrich & Lahue 1996, Preston 2005, Schmitt et al. 2010). Changes
in the copy number of DNA segments as well as various epigenetic lesions, for
example changes in gene promoter cytosine residue methylation status, can also
result in genomic instability. Hence, cancer-driving mutations have occurred
mainly in a set of key genes that control cell proliferation, differentiation as well
as tissue and organ development (Stratton 2011). A normal cell undergoes six
essential physiological changes, the hallmarks of cancer, to become a cancer cell:
1. sustaining proliferative signalling, 2. escaping growth suppressors, 3. resisting
cell death (apoptosis), 4. supporting replicative immortality, 5. inducing
angiogenesis, and 6. activating invasion and metastasis. In addition,
reprogramming of energy metabolism and evading immune destruction have been
suggested to represent two emerging hallmarks of cancer. A normal cell also
needs two enabling characteristics in order to develop into a cancer cell and to
promote tumour progression, and these are genomic instability and an
inflammatory state of premalignant and frankly malignant lesions (Hanahan &
Weinberg 2011). On the basis of age-incidence statistics it has been suggested that
– at least five mutations are required for a normal cell to cancer cell conversion.
However, higher estimates have also been proposed, and for some haematopoietic
neoplasms even fewer changes may be required. For instance, breast, colorectal
and prostate cancers seem to require at least 5–7 changes in essential genomic
17

components, and these estimates are also supported by experimental data (rev. in
Stratton et al. 2009, Stratton 2011).
Each somatic mutation in the cancer cell genome may be classified either as a
driver or as a passenger defect according to its consequences on cancer
development. Driver alterations are causally implicated in oncogenesis and confer
the cell with a growth advantage. The changes have been positively selected for in
the microenvironment of the tissue in which the malignancy arises. On the
contrary, passenger alterations have not been selected for, do not provide the cell
with any particular clonal growth advantage, and do not significantly contribute to
cancer development. Basically, passenger mutations are somatic mutations that
occur during normal cell division and have no major functional consequences.
Overall, driver mutations cluster in a subset of genes that are crucial for cancer
development, whereas passenger mutations are more or less randomly distributed
in the genome (Stratton et al. 2009). In a normal tissue, the frequency of
spontaneous random mutations is extremely low, less than 1 × 10−8 per base pair,
whereas in tumours from the same individual the average frequency is as high as
210 × 10−8 per base pair. It has been estimated that the mean mutation frequency
in tumours is elevated at least 200-fold relative to matching normal tissue, and by
the time a tumour is clinically detected it already contains ~109 cancer cells,
correlating to at least 1012 different mutations (Bielas et al. 2006).
No single genomic defect causes cancer. It is best to think of a
malfunctioning cancer gene as contributing to cancer, rather than causing it.
Cancer develops only when several genes are defective and the threshold for
normalcy is exceeded. Cancer genes can be divided into three categories:
oncogenes, tumour suppressor genes and genome stability maintenance genes.
Oncogenes are genes that contribute to oncogenesis when mutationally activated
or activated under conditions in which the wild-type gene is not. They act in a
dominant fashion, i.e. mutation of one copy of the gene suffices for activation.
Oncogenes typically play a role in cell survival, cell proliferation and growthrelated processes and therefore an activating somatic change in one allele of an
oncogene is usually sufficient to confer a selective growth advantage to the cell.
Tumour suppressor genes are genes that promote tumour growth when inactivated
and these genes play a role in regulating growth factors, cell proliferation, DNA
damage response, cell cycle arrest and apoptosis. Hence, tumour suppressors are
considered to be the “gatekeepers” of the genome. In contrast to oncogenes,
defective tumour suppressor genes act recessively, i.e. both copies need to be
mutated for a loss of function and they can be inactivated by a variety of
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mechanisms. This “two-hit” model was initially proposed by Alfred Knudson
(1971) based on epidemiological studies of retinoblastoma. In the familial form of
this disease, the mutated allele is inherited from one of the parents and the second
one is somatically inactivated, leading to loss of heterozygosity (LOH) in the
tumour. A second alternative is thought to be a deletion of both alleles
(homozygous deletion). A third possibility is hypermethylation of the promoter
region of the gene, resulting in gene-silencing. However, mutations in tumour
suppressor genes are not always completely recessive, since haploinsufficiency
occurs when one allele is insufficient to sustain the full functionality produced
from two wild-type alleles. Haploinsufficiency can be either partial or complete
and can vary depending on tissue type, other epistatic interactions and
environmental factors. In addition, gene mutations can have qualitative
differences creating a gain of function or dominant-negative effect where the
remaining wild-type allele does not need to be inactivated, and that situation can
be difficult to distinguish from dosage-dependence. A gain-of-function mutation
changes the gene product such that it gains a new and abnormal function, and
dominant negative-mutations alter the gene product in such a way that it interferes
with the function of the wild-type protein, which inhibits its cellular effect
(Knudson 1971, Koorstra et al. 2008, Payne & Kemp 2005, Vogelstein & Kinzler
2004).
A third class of cancer genes consist of genomic stability maintenance genes,
also called caretakers, which include the MMR, NER and BER genes responsible
for repairing mistakes during normal replication or induced by mutagenesis
exposure. Other stability maintenance genes, like BRCA1, BLM and ATM, are
responsible for mitotic recombination and chromosomal segregation. Altogether,
normally functioning stability genes keep genetic alterations to a minimum. In
contrast, when inactivating mutations occur, cellular mutation rates become much
higher than normal. However, there is some overlap in the classification of
stability and tumour suppression genes and like most tumour suppressor genes,
both alleles of genome stability maintenance genes need to be inactivated in order
to cause physiological consequences (Friedberg 2003, Vogelstein & Kinzler 2004).
MicroRNAs (miRNA) are small, evolutionarily conserved, non-coding RNAs
18–25 nucleotides in length that have important functions in gene regulation
(Calin et al. 2002). They can function as malignancy drivers by acting either in a
tumour suppressor or an oncogenic fashion. miRNAs can act as oncogenes when
amplification or overexpression of miRNAs down-regulate a tumour suppressor
and give rise to cancer development by stimulating cell proliferation and growth
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related processes. On the other hand, miRNAs may act as tumour suppressors by
negatively regulating protein-coding oncogenes, and thus the loss of these
miRNAs leads to upregulation of oncogenes. It is important to note that some
miRNAs can have dual roles in cancer formation, acting both as tumour
suppressors and oncogenes (rev. in Calin et al. 2002, Lujambio & Lowe 2012).
Mutations in these three classes of genes can occur in single somatic cells
resulting in sporadic cancer or in the germline leading to a hereditary cancer
syndrome. It is important to point out that a mutation can be any functionally
impairing change in the genome. In the germline most common alterations are
point mutations or small deletions / insertions, whereas all kinds of gene
alterations can be found in tumour cells (rev. in Vogelstein & Kinzler 2004).
Interestingly, nearly all inherited cancer syndromes arise from mutations in
tumour suppressor or genomic stability maintenance genes rather than in
oncogenes, and the first mutation is inherited in a Mendelian fashion and tends to
cause familial clustering of the disease (Fearon 1997).
2.2

Breast cancer

Breast cancer is the most common form of malignancy and the second leading
cause of cancer mortality among women. It is estimated that one in eight women
will develop breast cancer during her lifetime (Downs-Holmes & Silverman
2011). Worldwide, it is estimated that 1.4 million women are diagnosed with the
disease per year, which accounts for about 23% of all cancers. Breast cancer is
also the second leading cause of cancer deaths among women, since around 500
000 breast cancer related deaths are reported annually (American Cancer Society
2011). In Finland, breast cancer accounts for approximately 32% of all cancers
and 16% of all cancer related deaths, and in 2010 alone, around 4700 new breast
cancer cases and 900 breast cancer related deaths were reported (Finnish Cancer
Registry 2010).
The majority of breast cancer cases occur in women aged 50 years or older
(Barrett 2010). In population based studies, factors related to increased oestrogen
exposure throughout a woman´s lifetime, such as early menarche, late menopause,
use of oral contraceptives, and hormone replacement therapy, have all been
associated with a ~2-fold increase in breast cancer risk among premenopausal
women (Ellsworth et al. 2010). Other risk factors like age, family history, first
pregnancy at over 30 years of age or never being pregnant, and high breast
density are also important risk factors for breast cancer. Modifiable risk factors
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such as nutrition, exercise, and alcohol/tobacco use also affect breast cancer risk.
For instance, in postmenopausal women, the breast cancer risk increases by 7.1%
for each 12 oz. of beer, 4 oz. of wine, or 1.5 oz. of liquor consumed per day and
women who currently smoke increases their risk by 16%, while those who
stopped smoking over 20 years ago still have a 9% increased risk when compared
to women who never smoked (Hamajima et al. 2002, Luo et al. 2011). In addition,
physical activity lowers the incidence of breast cancer and improves disease
prognosis when compared to inactive women. Moderate exercise five or more
times a week, 30 minutes at time, can reduce the risk of breast cancer by 30–40%
(rev. in Downs-Holmes & Silverman 2011).
Breast cancer can be classified into common (ductal or lobular), which tend
to have a similar prognosis, or less common forms such as mucinous, tubular, and
papillary (favourable prognosis) or inflammatory (poor prognosis) carcinomas. Of
all breast cancers ductal carcinomas accounts for approximately 75%, lobular
15% and the less common forms account for the remaining 10% (Li et al. 2003,
Li et al. 2005).
Breast cancer is biologically a very heterogeneous disease and, according to
microarray-based gene expression profiling studies, can be divided into five
distinct subtypes: luminal A, luminal B, HER2-overexpressing, basal-like / triple
negative and normal like. These subtypes have very different prognoses and
treatment options (Barrett 2010). Most breast cancers belong to the luminal A and
B subtypes and these tumours are oestrogen and progesterone receptor positive
and are associated with a more favourable prognosis, since they have low cellular
proliferation rates. Approximately 15–20% of breast cancers overexpress HER2,
which is an epidermal growth factor tyrosine kinase receptor that participates in
the control of epithelial cell growth and differentiation. These tumours exhibit
high histological grade and usually have a poor prognosis. Rigorous clinical
studies have shown that evaluating ER, PR and HER2 status provides additional
prognostic information beyond normal histological assessment alone. For instance,
basal-like / triple negative breast cancers, which are ER-, PR- and HER2-negative,
show more aggressive clinical behaviour and have relatively low long-term
survival rates, and triple negative disease is not eligible to hormonal treatments.
According to current estimates, triple negative / basal like breast cancers account
for 10–17% of all breast carcinomas (rev. in Downs-Holmes & Silverman 2011,
Ellsworth et al. 2010, Podo et al. 2010).
Interestingly, breast cancer occurs in males as well. Malignant tumours of the
male breast cancer type are rare, accounting for less than 1% of all cancers in men
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worldwide (Otto 2011). In Finland, 22 cases were reported in 2010, representing
0.15% of all cancers in men (Finnish Cancer Registry 2010).
Heterogeneity in the clinical, pathological and molecular characteristics
makes breast cancer a challenging disease to manage. Hence, patients with similar
characteristics may have quite different clinical outcomes even though they
receive identical treatments (Gort et al. 2007). Therefore, the importance of
understanding the complexity of the disease and the development of novel,
customized treatments for breast cancer are critical for a successful fight against
this malignancy (Ellsworth et al. 2010).
Somatic changes in breast cancer
Somatic mutations occur in all cancer genomes and the number of somatic
mutations varies markedly between individual tumours. The whole-exome
sequencing studies have identified driver mutations in several new cancer genes
including AKT1, AKT2, ARID1B, FGFR1/ZNF703, CASP8, CBFB, CCND1,
CCND3, CDKN1B, GATA3, ERBB2, MAP3K1, MAP3K13, MAP2K4, MLL2,
MLL3, MYC, NCOR1, SMAD4, SMARCD1, TBX3, RUNX1, CBFB, AFF2,
PIK3CA, PIK3R1, PTPN22, PTPRD and SF3B1 (some of these genes are
described in more detail in Tables 1 & 2 and in Chapter 2.5). The driver mutations
found were mainly point mutations of which most were missense, silent and
nonsense mutations, but also read-through and splice-site mutations and
mutations in RNA genes were seen. In addition, dinucleotide mutations and
insertions/deletions were identified (Nik-Zainal et al. 2012a, Stephens et al. 2012,
The Cancer Genome Atlas Network 2012, Banerji et al. 2012).
Stephens et al. found somatic driver point mutations in at least 40 cancer
genes and 73 different combinations of mutated cancer genes among the 100
tumours studied, highlighting the substantial genetic diversity in breast cancer.
According to Stephens et al., the maximum number of mutated cancer genes in an
individual cancer was six and only 28 cases showed a single driver. Hence, the
number of drivers varied substantially and the presence of multiple drivers was
seen to be associated with subclonal evolution of cancer in some cases (Stephens
et al. 2012).
Somatic mutations in TP53, PIK3CA, GATA3, ERBB2, MYC,
FGFR1/ZNF703 and CCND1 have been reported to occur in more than 10% of all
breast cancers (Stephens et al. 2012, The Cancer Genome Atlas Network 2012).
However, many subtype-specific mutations and other genetic/epigenetic changes
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have been identified in different breast cancer subtypes. For example, in the
luminal A subtype the most frequently mutated genes were PIK3CA (45%)
followed by MAP3K1, GATA3, TP53, CDH1 and MAP2K4. In luminal B cancers
TP53 and PIK3CA (29% each) were the most frequently mutated. Basal-like
cancers differed from the luminal subtypes in that TP53 mutations occurred in 80%
of the basal-like cancers while the majority of the genes mutated in luminal
subtypes were not altered in basal-like cancers. In the HER2 subtype TP53 (72%)
and PIK3CA (39%) were the most frequently mutated genes. These breast cancer
subtypes also differed by mutation types; TP53 mutations in basal-like tumours
were mostly nonsense and frame shifts, whereas in luminal A and B tumours
mostly missense mutations were seen (The Cancer Genome Atlas Network 2012).
The Cancer Genome Atlas Network reported that the overall mutation rate is
lowest in the luminal A subtype and highest in the basal-like and HER2 subtypes,
which further demonstrates the diversity in breast cancers. The luminal B subtype
also displayed a hypermethylated phenotype whereas the basal-like subtype
exhibited a hypomethylated phenotype. Jovanovic et al. have suggested that these
DNA methylation changes might be a useful marker for the early detection of
breast cancer and in the subtype classification as DNA is relatively stable
compared to other sources, like mRNA and proteins, and can be obtained rather
easily from patients (rev. in Jovanovic et al. 2010). Different breast cancer
subtypes also display diverse copy number changes and protein expression
patterns (The Cancer Genome Atlas Network 2012, Jovanovic et al. 2010).
The reported mutation rate for breast cancer is 1.66 per Mb (range 0.4–10.5),
which exceeds that of haematologic and prostate cancers but is lower than in lung
cancer and melanoma (Banerji et al. 2012). According to Nik-Zainal et al., the
final rate-limiting step in breast cancer development is the expansion of the
dominant subclone (present in every tumour and represents over 50% of tumour
cells) to a noticeable mass through the accumulation of many hundreds to
thousands of somatic mutations (Nik-Zainal et al. 2012b). Hence, it has been
predicted that some of these somatic mutations could represent potential new
therapeutic targets within each breast cancer subtype. For example, luminal and
HER2 subtypes have a high frequency of PIK3CA mutations, which suggests that
inhibitors of this activated kinase or its signalling pathway could be potential new
drug candidates (The Cancer Genome Atlas Network 2012).
Furthermore, a recurrent driver rearrangement producing an in-frame fusion
gene MAGI3-AKT3 in basal-like breast cancer was recently identified through
whole-genomic sequencing. This fusion leads to constitutive activation of AKT
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kinase, which is abolished by treatment with an AKT-inhibitor and could
represent a new therapeutic candidate for basal-like breast cancers displaying this
rearrangement (Banerji et al. 2012).
2.3

Inherited predisposition to breast cancer

Approximately 5–10% of all breast cancers stem from a hereditary predisposition
to the disease (Claus et al. 1996, Narod & Foulkes 2004, Parkin 2004). Hereditary
breast cancer is classified by a clustering of breast cancers in a family that is
substantially higher than the observed incidence in the general population, early
disease onset, occurrence of bilateral breast cancer or multiple primary tumours in
the same individual or male breast cancer incidences in the family. Familial breast
cancer is usually seen in several generations and passes on through the same
bloodline, either maternal or paternal, which indicates that genetic factors must
strongly contribute to breast cancer predisposition (Thull & Vogel 2004). Twin
studies have confirmed that the predominant component of familial aggregation in
breast cancer indeed is due to genetic susceptibility as statistically significant
effects on hereditary factors were seen in 27% of the studied cases. Furthermore,
a monozygotic twin is at substantially higher risk of developing breast cancer by
the age of 75 years than a dizygotic twin of an affected individual (the risk was
18% for a monozygotic twin and 9% for a dizygotic twin) (Lichtenstein et al.
2000, Peto & Mack 2000). The Cancer Genome Atlas Network reported that
approximately ~10% of sporadic breast cancers have a strong hereditary
background, which supports the hypothesis that hereditary factors might actually
explain more than the given 5–10% or that there is at least some overlap between
the sporadic and inherited classification. According to the report, 47 out of 507
sporadic breast cancer patients studied carried deleterious germline variants in
some of the validated breast cancer genes (validated breast cancer genes are
presented in table 1) and therefore had a strong germline contribution to the
disease (The Cancer Genome Atlas Network 2012).
Predisposing factors can be divided into three distinct classes: rare highpenetrance genes, rare intermediate/moderate-penetrance genes and common lowpenetrance genes, according to the level of breast cancer risk they confer and the
prevalence of disease-causing variants in the population. The level of penetrance
describes the likelihood that an individual who carries a mutation in a gene or a
particular genetic variant will develop breast cancer due to its presence. These
susceptibility genes have been identified by genome-wide linkage analysis and
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positional cloning, mutation screening, next generation sequencing and genomewide association studies (GWAS) (rev. in Turnbull & Rahman 2008). The
grouping of breast cancer susceptibility genes is presented in table 1. However,
mutations in currently known breast cancer predisposing genes only account for
25–30% of familial breast cancers (Ellsworth et al. 2010, Turnbull & Rahman
2008). The fact that more than 70% of the genetic predisposition to breast cancer
is still unknown highlights the need for a search for new susceptibility genes and
other disease predisposing factors.
Table 1. Validated high-, moderate- and low-risk breast cancer susceptibility genes.
Classification

Gene

High penetrance

BRCA1, BRCA2, TP53

>10

PTEN, STK11, CDH1

2–10

ATM, CHEK2, BRIP1, NF1, RAD50,

2–3

Moderate penetrance

Relative risk

NBS1
Low penetrance

PALB2

2–6 (19*)

FGFR2, TOX3/TNRC9,

1.08–1.26

MRPS30,FAM84B,
TNP1/IGFBP5/IGFBP2/TNS1, NOTCH2,
ESR1, CDKN2a
LSP1, MAP3K1, LSP1, NEK10

1.07–1.13

CASP8, COX11, RAD51L1

0.85–0.97

Breast cancer susceptibility genes are grouped according to Lalloo & Evans 2012, Shuen & Foulkes 2011,
Turnbull & Rahman 2008. *according to Southey et al. 2010.

The polygenic model suggests that the residual unexplained inherited breast
cancer risk might be caused by multiple genetic factors, which alone cause only a
small increase in cancer risk but together their effect could be sufficient for
tumourigenesis. These effects are also likely to be influenced by environmental
factors. The polygenic theory has been largely accepted as an alternative
explanation for the residual breast cancer predisposition and has been validated
by identification of a number of the incumbent polygenes (Antoniou & Easton
2003a, Antoniou & Easton 2006, Pharoah et al. 2002).
2.4

High risk susceptibility genes

Mutations in high penetrance genes are rare in the population but associate with a
very high breast cancer risk. These genes confer a 10- to 20-fold increased risk of
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breast cancer (table 1) over that of non-mutation carriers and this increased risk is
equivalent to a 40–85% lifetime disease risk (Ahmed et al. 2009, Lalloo & Evans
2012). Overall, high-risk susceptibility genes explain ~22% of all inherited breast
cancers (Ellsworth et al. 2010). The two major breast cancer predisposing genes
are BRCA1 (chapter 2.4.1) and BRCA2 (chapter 2.4.2) (breast cancer 1 and 2), and
both were identified by genetic linkage mapping and positional cloning (Miki et
al. 1994, Wooster et al. 1995). Mutations in these genes exhibit a dominant
disease inheritance pattern and account for ~16% of all familial breast cancers.
These genes also predispose to ovarian cancer and a substantial percentage of
families with breast and ovarian cancers harbour mutations in BRCA1 and/or
BRCA2 (Ford et al. 1998, Narod 2002). In addition, other high penetrance genes
(chapter 2.4.3) have been identified as part of inherited cancer syndromes. These
include germline TP53 mutations found in Li-Fraumeni syndrome (Garber et al.
1991, Malkin 1994), PTEN germline mutations in Cowden syndrome (Nelen et al.
1996), STK11 mutations in Peutz-Jegher syndrome (Hemminki et al. 1998) and
CDH11 (E-Cadherin) mutations in hereditary diffuse gastric cancer (Guilford et al.
1998, Keller et al. 1999). However, the attributable risk of mutations in these
genes to familial breast cancer is low and less well defined than those of BRCA1
and BRCA2.
2.4.1 BRCA1
In 1990, the first breast cancer susceptibility gene was localized to chromosome
17q12-q21 (Hall et al. 1990). In 1994, positional cloning revealed the causative
gene, accordingly named BRCA1 (Miki et al. 1994), and later pathogenic
mutations in BRCA1 were found to account for about 7–10% of all familial breast
cancers (Peto et al. 1999).
BRCA1 comprises 24 exons encoding a protein of 1863 amino acids. Exon 11
is unusually large and, with the exception of the highly conserved domains
located at the terminal regions of the protein, sequence conservation is weak
(Boulton 2006). BRCA1 contains two important domains, a RING domain at the
N-terminus and two BRCT domains at the C-terminus and a coiled-coil domain
upstream of the two BRCT domains (Koonin et al. 1996). The structure of
BRCA1 as well as the binding sites of interacting proteins are shown in figure 1.
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Fig. 1. Schematic structure and interacting proteins of BRCA1. BRCA1 contains a
RING domain, nuclear export signal (NES) and nuclear localization signals (NLSs) at
its N-terminus, clusters for serine and threonine sequences (SCD), coiled-coil domain
and two BRCT domains at the C-terminus. The transcription activation domains are
indicated as lines above the diagram. The interacting proteins are shown below the
region of BRCA1 required for their association. Modified from Karppinen 2009, Wang
2012.

The BRCA1 protein has important tasks in maintaining genomic stability since it
plays critical roles in many cellular processes including DNA damage response
(DDR), cell cycle checkpoint control, DNA replication, transcription, and
ubiquitylation and chromosome duplication. Therefore, the increase in risk of
breast and ovarian cancer caused by a mutation in BRCA1 has been attributed to
increased genomic instability (rev. in Wang 2012).
BRCA1 is a substrate of the central DNA damage response kinase ATM/ATR
that controls the DDR. It is required for homology directed repair and resolution
of stalled DNA replication forks through homologous recombination (HR) as well
as postreplicative repair in response to UV damage (Moynahan et al. 1999,
Nagaraju & Scully 2007, Powell & Kachnic 2003). BRCA1 forms three distinct
complexes through its C-terminal BRCT domains, namely the BRCA1-A/B/C
complexes, which all exhibit different functions in DDR. The BRCA1-A complex
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contains RAP80, ABRAXAS, NBA1/MERIT40, BRE/BRCC45 and BRCC36
proteins, and this complex mediates DNA damage induced ubiquitin signalling
for recruitment of BRCA1 to DNA double-strand breaks (DSBs), where it can
further activate the DSB-repair and cell cycle checkpoints (described in more
detail in chapter 2.7.1 and 2.8.2). The BRCA1-B complex includes BRIP1 and
TOPBP1, and this complex is required for replication stress induced checkpoint
control and DNA interstrand crosslink repair (described in more detail in chapters
2.7.2–2.7.3). The BRCA1-C complex, consisting of CtIP and MRN, also has an
important role in DSB-repair and checkpoint activation since it is required for
DNA end resection (described in more detail in chapter 2.7.1–2.7.2) (rev. in Wang
2012).
Many clinically important mutations of BRCA1 frequently target the RING
and BRCT domains, with the majority being frameshift mutations resulting in
truncated protein products. Missense mutations account for approximately 2% of
pathogenic mutations but may be difficult to interpret or distinguish from
polymorphisms. Between 15–27% of the mutations may be due to large
rearrangements, including whole exon deletions and insertion/duplications
(Hogervorst et al. 2003, Wang 2012). Some common founder mutations are
relatively frequent in particular ethnic groups, such as c.68_69delAG and
c.5266dupC that occur in about 1.2% of Ashkenazi Jews, and BRCA1_42162ntA→G that causes an aberrant splice-acceptor recognition site and appears to
be unique for the Finnish population. BRCA1_3745delT has been identified as a
founder mutation to both the Finnish and Swedish populations, possibly due to
the geographic isolation (Huusko et al. 1998, Vehmanen et al. 1997, ZeladaHedman et al. 1997). However, the majority of BRCA1 mutations are rare and
many of them have been reported only in single families (Hamel et al. 2011,
Lalloo & Evans 2012).
Pathogenic mutations in BRCA1 confer a lifetime risk of breast cancer
between 60–85%, with increased relative risk at younger ages since the relative
risk of breast cancer is markedly elevated in BRCA1 mutation carriers under age
40, and becomes less dramatic with advanced age. Pathogenic mutations also
confer an increased lifetime risk of ovarian cancer of 40–60%. In addition,
women with BRCA1 mutations also have a 64% increased risk for contralateral
(affecting the other breast) by the age of 70 years (rev. in Lalloo & Evans 2012,
Turnbull & Rahman 2008).
BRCA1 tumours are typically high grade, have an increased frequency of
pushing margins, high degree of nuclear pleomorphism and mitotic frequency,
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suggesting a medullary carcinoma type. BRCA1 cancers also have a high
incidence of triple negative phenotype and a similar immunohistological profile to
that of sporadic basal carcinomas (Lakhani et al. 2005). The prognosis of BRCA1
associated breast cancers has been reported to be either better or worse than for
sporadic tumours, although the association with triple negative phenotype and
basal carcinomas would support the hypothesis of worse prognosis (Lalloo &
Evans 2012).
A number of studies have been performed to assess the risk of male breast
cancer and other cancers associated with mutations in BRCA1. At the moment, the
general consensus appears to be that the risk of breast cancer in male BRCA1
mutation carriers is higher than that in the general population as population-based
studies have estimated that the cumulative risk for male breast cancer is up to
1.2% by the age of 70 years in BRCA1 mutation carriers (Tai et al. 2007).
Population-based studies have also shown that women carrying BRCA1 mutations
are at a statistically significant increased risk of pancreatic, uterine and fallopian
cancers (rev. in Ahmed et al. 2009).
2.4.2 BRCA2
Initial evidence that BRCA1 was not the only breast cancer susceptibility gene
was provided by a study where only 45% of the breast cancer families were
linked to the BRCA1 locus (Easton et al. 1993). A genome-wide linkage search
was performed for breast cancer families that were not connected to BRCA1 and
this led to the localization of BRCA2 to chromosome 13q12-q13 in 1994, and the
BRCA2 gene was cloned the following year (Wooster et al. 1994, Wooster et al.
1995). Pathogenic mutations in BRCA2 account for approximately 10% of all
familial breast cancers (Anglian Breast Cancer Study Group 2000, Lalloo et al.
2003).
BRCA2 is a large gene with 27 exons encoding a 3418 amino acid protein,
with exon 11 being the largest. BRCA2 contains eight BRC repeats and one DNAbinding domain that includes a helical motif, three oligonucleotide binding folds
and a tower domain at the C-terminus (rev. in Roy et al. 2011). The structure of
BRCA2 showing also the binding sites of its interacting proteins is presented in
figure 2.

29

Fig. 2. Schematic structure and interacting proteins of BRCA2. BRCA2 contains the
transcription activation domain at its N-terminus, eight BRC repeats, a DNA binding
domain, which includes a helical domain (H), three oligonucleotide binding (OB) folds
and a tower domain (T), and nuclear localization signals (NLSs) and a CDK2
phosphorylation site at S3291 at its C-terminus. The interacting proteins are shown
below and the region of BRCA2 required for their association is indicated by lines.
Modified from Karppinen 2009, Roy et al. 2011.

BRCA2 has very important functions in DDR since its protein product facilitates
HR and is involved in DNA DSB repair. One of these functions is the regulation
of RAD51 loading to DSBs. RAD51 is a crucial protein that covers appropriate
sites of single-stranded DNA, thus preventing it from binding to double-stranded
DNA and therefore activates strand invasion in HR. Hence, RAD51 loading to
DSBs is not only essential for HR but is also responsible for the tumour
suppressive function of this repair process (in more detail in chapter 2.7)
(Moynahan et al. 2001, Thorslund et al. 2010). Recent evidence has also implied
a second role for BRCA2 in protecting the replication fork, since BRCA2deficient hamster cells treated with a replication fork stalling and collapsing
reagent (hydroxyurea) were shown to have defects in maintaining the length of
the nascent DNA strand. This is possibly due to the function of BRCA2 in
protecting the nascent DNA strand from degradation at stalled replication forks
(Schlacher et al. 2011). In addition to these functions of BRCA2 in HR and
protecting replication forks, Menzel et al. (2011) showed that BRCA2 is also a
crucial protein for maintaining the G2/M checkpoint function upon DNA damage.
Using an siRNA-screen approach to uncover new G2/M checkpoint regulators,
they discovered that following ionizing radiation (IR) the G2/M checkpoint was
activated in BRCA2-depleted cells; however, these cells could overcome the
G2/M arrest already a few hours later when the checkpoint should still be active
and arrest the cells in G2 phase. This new checkpoint function might contribute to
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the role of BRCA2 in tumour suppression and also influence the responses to
cancer therapy (Menzel et al. 2011). Hence, BRCA2 is a vital component in
maintaining genomic stability, and defects in its functions can cause genomic
instability, which is a crucial feature of carcinogenesis.
Mutations in BRCA2 confer a breast cancer lifetime risk between 40–85%
(Antoniou et al. 2003b, Lalloo et al. 2003, Peto et al. 1999). The range of risk is
wide since the method of ascertainment from high-risk families or population
studies clearly has an effect. For example, the common Ashkenazi Jewish
population mutation c.5946delT has a much lower penetrance in some studies
suggesting a lifetime risk of breast cancer of 30–40%. In addition, populationbased studies of unselected breast cancer cohorts have shown lower disease risk
for BRCA2 mutation carriers (Antoniou et al. 2010, Evans et al. 2008). Most
known pathogenic mutations (98%) are small deletions, insertions, single base
substitutions or splicing errors resulting in a truncated protein product. Some
BRCA2 mutations occur at a particularly increased frequency in distinct
populations: c.5946delT has found to be present in 1.52% of Ashkenazi Jews and
c.771_775delTCAAA is estimated to be present in 0.5% of the Icelandic
population, but is also a founder mutation in the Finnish population. In addition,
BRCA2_9346-2ntA→G seems to be a unique founder mutation only to the
Finnish population (Huusko et al. 1998, Johannesdottir et al. 1996, Thorlacius et
al. 1996, Vehmanen et al. 1997). BRCA2 mutation carriers who have had breast
cancer also have an increased risk of developing a second primary breast cancer
(Ford et al. 1998). Furthermore, male breast cancer is a major phenotypic feature
of families with a BRCA2 mutation. The relative risk of male breast cancer is
approximately 80- to 100-fold with around 10% of male breast cancers being due
to mutations in BRCA2. Male carriers also have an increased risk of prostate
cancer with lifetime risk of 14–20% (Evans et al. 2010, Thompson et al. 2001).
BRCA2 is also an ovarian cancer susceptibility gene and the risk associated
with pathogenic mutations is up to 30% (Evans et al. 2008). Interestingly,
individuals who carry a BRCA2 mutation located between nucleotides 3035 and
6629 appear to have a higher risk of ovarian cancer and a lower risk of breast
cancer compared with those who carry a mutation elsewhere in the gene. The
molecular basis for this is currently unknown (Gayther et al. 1997, Thompson et
al. 2001). There is also evidence of an increased risk of cancer of the gallbladder,
bile duct, stomach, and pancreas as well as malignant melanoma in BRCA2
mutation carriers (The Breast Cancer Linkage Consortium 1999).
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Invasive ductal carcinoma is the most common histological type of breast
carcinomas in BRCA2 carriers. These tumours are more frequently ER+ than
those of the controls, although being typically of higher grade. Overall, BRCA2
tumours tend to have features similar to those of sporadic breast cancers, and no
specific subtypes are associated with germline BRCA2 mutations. The prognosis
of BRCA2 related breast cancer is very similar to that of breast cancer in general
(Breast Cancer Linkage Consortium 1997, Lakhani et al. 1998).
BRCA2 in Fanconi anemia
Cancers associated with BRCA2 heterozygosity occur in adulthood. However,
biallelic mutations in this gene lead to the Fanconi anemia (FA) D1
complementation group (FA-D1/FANCD1) (Howlett et al. 2002). To date 15 FA
genes have been identified, the biallelic disruption of which result in a disease.
Changes in these genes underlie over 95% of all known FA patients. Mutations in
FANCA, FANCC and FANCG are the most common ones and account for around
85% of all patients with FA. FANCD1, FANCD2, FANCE, FANCF and FANCL
account for approximately 10%, and FANCB, FANCI, FANCJ, FANCM, FANCN,
FANCP and FANCO are involved in less than 5% of the cases. FA is a rare
autosomal recessive disease characterized by multiple congenital abnormalities,
progressive bone marrow failure and pronounced cancer susceptibility (Su &
Huang 2011, Taniguchi & D'Andrea 2006). In addition, FA-D1 predisposes to
childhood solid tumours and haematological malignancies (Reid et al. 2005).
Interestingly, the affected FA-D1 individuals suffer from severe developmental
abnormalities and a striking propensity to develop rare cancers derived from
embryonal cell types. This is in stark contrast to individuals from the other FA
complementation groups. This indicates that the role of BRCA2 is more
fundamental to the functions of the FA pathway than are other FA proteins, or that
FA-D1 defines a distinct genetic, clinical and functional entity due to the vital role
of BRCA2 in DDR, which is not a feature shared with other FA-genes (the FA
pathway is described in more detail in chapter 2.7.3) (rev. in Patel 2007).
2.4.3 Other high penetrance genes
Four other high risk breast cancer genes have been validated to date, of which
TP53 confers the highest risk as mutations in this gene increase the breast cancer
risk by 18- to 60-fold by the age of 45 years when compared to the general
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population. In addition, over 50% of TP53 mutation carriers develop cancer
before the age of 50 years (Garber et al. 1991). The other established high risk
factors are PTEN, STK11, and CDH1 and mutations in these genes confer a
lifetime risk of breast cancer of ~40–60% (Lalloo & Evans 2012).
TP53 was first identified in 1979 and is now well known to be frequently
mutated in human tumours. Inherited germline mutations are rare but are known
to result in Li-Fraumeni syndrome, which causes childhood tumours (soft tissue
sarcomas, osteosarcoma, leukaemia, brain tumours, gliomas and adrenocortical
carcinoma), but also early onset breast cancer. Over 70% of classical Li-Fraumeni
families display TP53 mutations, and on average 30% of the female mutation
carriers develop breast cancer by the age of 30 years (Malkin et al. 1990,
Srivastava et al. 1990). However, germline mutations in TP53 are considerably
rarer than are mutations in BRCA1 and BRCA2, and Li-Fraumeni syndrome
accounts for less than 0.1% of all breast cancers (Lalloo & Evans 2012). Wildtype p53 protein has an important role in cells as it is a transcription factor
involved in the control of G1/S and G2/M phase transitions, in DNA repair, and in
induction of cellular senescence, cell death, autophagy, mitotic catastrophe as
well as angiogenesis. However, the principal function of p53 is to induce cell
death and, since tumour cell death after exposure to radiotherapy occurs by
apoptosis in a p53-dependent manner, inactivation of p53 can produce treatment
resistant tumours. Thus p53 status could be important in determining tumour
response to therapy. There is actually good in vitro evidence suggesting that LiFraumeni patients have an abnormal response to low dose radiation with defective
apoptosis (Lalloo & Evans 2012, Lowe et al. 1994).
Mutations in PTEN, STK11 and CDH1 predispose to different kinds of cancer
syndromes. PTEN produces a protein product that functions as a tumour
suppressor through negative regulation of a cell-survival signalling pathway. In
addition, PTEN has been showed to function in maintaining chromosome
integrity (Shen et al. 2007). Mutations in PTEN cause a rare autosomal
dominantly inherited cancer syndrome, Cowden disease, which is a multiple
hamartoma syndrome (a new tissue growth resembling a tumour) that includes a
high risk of benign and malignant tumours of the breast, thyroid and endometrium
(Nelen et al. 1996, Nelen et al. 1997). PTEN mutation carriers have a 25–50%
lifetime risk for breast cancer (Longy & Lacombe 1996, Starink et al. 1986).
Germline mutations in STK11 and CDH1 also predispose to breast cancer; since
STK11 mutation carriers have a 30–50% risk for developing breast cancer and
mutations in CDH1 causes approximately a 50% risk for breast cancer (rev. in van
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der Groep et al. 2011). The main function of STK11 is to inhibit cell proliferation
and to control cell polarity. Mutations in this gene cause an autosomal dominant
condition, Peutz-Jeghers syndrome, characterized by hamartomatous intestinal
polyps, mucocutaneous pigmentation and increased incidence of several
malignancies like breast cancer. CDH1 encodes E-cadherin that is a
transmembrane protein important in the maintenance of cell polarity. Mutations in
CDH1 cause hereditary diffuse gastric cancer, an autosomal dominant cancer
syndrome, which associates with elevated breast cancer risk. However, families
with CDH1 mutations with breast cancer but no gastric cancer have also been
reported (Hemminki et al. 1997, Hemminki et al. 1998, Jenne et al. 1998, Keller
et al. 1999, Masciari et al. 2007, Pharoah et al. 2001). All these syndromes
caused by mutations in PTEN, STK11 or CDH1 are very rare and therefore the
risk for familial breast cancer resulting from mutations in these genes is low.
There is no current evidence that mutations in these genes account for a
substantial proportion of hereditary or sporadic breast cancer in the absence of the
additional phenotypical features associated with the respective syndromes (rev. in
Turnbull & Rahman 2008).
RAD51C – a possible high penetrance gene
RAD51C is part of a complex composed of five RAD51 paralogues involved in
HR, where it is thought to play a central role in associating with other paralogues
in order to form two distinct subcomplexes at the sites of DNA damage. These
subcomplexes then mediate DNA damage repair via HR (Masson et al. 2001).
RAD51C has been recently established to be an FA and breast/ovarian cancer
predisposing factor. Biallelic RAD51C mutations have been identified in FA
patients (FANCO) and subsequently monoallelic alterations have been proposed
to cause a high risk for breast/ovarian cancer, comparable to that for mutations in
BRCA1 and BRCA2 (Meindl et al. 2010, Vaz et al. 2010). However, multiple
follow-up studies have not provided any evidence that RAD51C mutations
predispose specifically to breast cancer, as monoallelic RAD51C mutations have
mainly been identified in families displaying both breast and ovarian tumours.
Several studies have found pathogenic RAD51C mutations, most of them
resulting in truncated protein products. The frequency of RAD51C mutations in
breast and ovarian cancer families is between 1.3–4%. Mutations display high or
moderate penetrance (Akbari et al. 2010, Clague et al. 2011, Levy-Lahad 2010,
Meindl et al. 2010, Pang et al. 2011, Pelttari et al. 2011, Romero et al. 2011,
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Silvestri et al. 2011, Thompson et al. 2012, Vuorela et al. 2011, Wong et al. 2011,
Zheng et al. 2010). Interestingly, approximately 1% of the unselected ovarian
cancers studied harbour germline RAD51C mutations. The relative risk of ovarian
cancer for RAD51C mutation carriers was estimated to be 5.88 which constitutes
a > 9% cumulative risk by the age 80 (Pelttari et al. 2011, Loveday et al. 2012).
2.5

Moderate and low penetrance risk factors

In contrast to the very low population frequency of pathological variants in highrisk breast cancer susceptibility genes, variants in moderate risk and low risk
breast cancer genes are present at relatively low (moderate penetrance alleles) as
well as high frequencies (low penetrance alleles) in the general population (~1–
40%) (Stratton & Rahman 2008). Inheritance of moderate and low risk alleles
will not cause highly penetrant disease patterns among families and therefore
their inheritance is not easily recognized.
Moderate penetrance genes
Currently, it has been estimated that moderate risk variants account for about 5%
of excessive familial breast cancer risk and carriers of moderate penetrance
mutant alleles have ~6–10% risk of developing breast cancer by the age of 60,
compared to 3% in the general population (Hollestelle et al. 2010, Stratton &
Rahman 2008). To date, six moderate risk breast cancer genes have been
identified and mutations in all of them confer a 2–3 fold increased risk for breast
cancer, except PALB2, which mainly confers a 2–6 fold increased disease risk but
has also been reported to confer an increased risk as high as 19-fold (table 1).
CHEK2, ATM, BRIP1 and PALB2 are the genes studied most extensively as their
protein products are involved in DNA repair and also closely linked to BRCA1
and BRCA2 functions (Erkko et al. 2007, Meijers-Heijboer et al. 2002, Renwick
et al. 2006, Seal et al. 2006, Southey et al. 2010 ). The importance of PALB2 in
DDR and cancer predisposition will be discussed in more detail in chapters 2.7.1,
2.7.3, 2.8.1 and 6.1–6.3. CHEK2 is a cell cycle checkpoint kinase that modulates
the activities of p53 and BRCA1 by phosphorylation in DNA repair (described in
more detail in chapter 2.7.1) (Ahn et al. 2004). ATM is also a checkpoint kinase
that has key functions in DNA repair since upon DNA DSBs it initiates a signal
cascade that involves phosphorylation of multiple proteins like p53, BRCA1 and
CHK2 (for more detail see chapter 2.7.1) (Shiloh 2006). BRIP1 (also known as
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BACH1) encodes a DEAH helicase that interacts with BRCA1 and has BRCA1dependent roles in DNA repair & cell cycle checkpoint control (Peng et al. 2006).
Most of the disease-causing mutations identified from these genes result in
premature protein truncation or nonsense-mediated RNA decay. A small portion is
likely to be due to rare missense variants disrupting critical functions. In each of
these genes there are multiple different pathogenic variants identified so far and
all of them are very rare in the general population. The CHEK2*1100delC variant
generates a truncated product and affects the kinase activity of the protein; it is
present in 1.1% of healthy individuals and in 5.5% of familial breast cancers, and
the relative risk has been estimated to be 2.2 for the mutation carriers (MeijersHeijboer et al. 2002). The carrier frequency varies in different populations: In the
Netherlands it reaches up to 0.8% and in Finland and Sweden up to 0.7% and
0.5%, respectively. However, in other European countries, North America and
Australia, it rarely exceeds 0.1 or 0.2% (Dufault et al. 2004, Nevanlinna & Bartek
2006). In addition, carriers of CHEK2*1100delC have an increased risk of
bilateral breast cancer. Families with homozygous CHEK2*1100delC mutations
have also been recently reported. Interestingly, women homozygous for this
mutation are estimated to have a six-fold risk for breast cancer and additionally
there appears to be an increased risk for other malignancies, such as colorectal
and prostate cancer (Adank et al. 2011a). However, this mutation does not
segregate completely with the breast cancer phenotype in families with a high
penetrance inheritance pattern so it seems that CHEK2*1100delC functions in a
polygenic cancer susceptibility setting (rev. in Hollestelle et al. 2010).
Biallelic mutations in ATM cause a rare syndrome, Ataxia-telangiectasia (AT), characterized by progressive cerebellar ataxia, immune deficiency and cancer
predisposition, including breast cancer (Easton 1994, Savitsky et al. 1995).
However, female carriers heterozygous for ATM mutations do not display the A-T
phenotype, but have an increased susceptibility to breast cancer with a relative
risk of 2.37 (Renwick et al. 2006, Thompson et al. 2005). Many breast cancer
predisposing ATM variants have been identified, including not only truncated
variants but also a variety of missense ones. The prevalence of these variants
varies greatly among populations from different geographical areas or ethnicity.
The penetrance of ATM is approximately 15% (rev. in Hollestelle et al. 2010,
Lalloo & Evans 2012).
Truncating mutations in BRIP1 are rarer than those in CHEK2 or ATM;
approximately half of the mutations reported in BRIP1 represent a nonsense
mutation, 2392C/T (R798X), and the remainder include disparate small insertions
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and deletions. Segregation analysis found that the relative risk of breast cancer in
monoallelic mutation carriers is 2.0, although there are reports of higher risks in
some families especially for women younger than 50 years. As expected for a
moderate risk gene, cosegregation of the mutations with the breast cancer
phenotype is incomplete. In addition, BRIP1 mutations have been identified to
confer an increased risk for invasive ovarian cancer. Interestingly, BRIP1 has also
been identified as an FA gene, being responsible for FA complementation group J
(FANCJ) in biallelic mutation carriers. The phenotype in FAN-J is different from
that for biallelic mutations in BRCA2 (FANCD1) and results in a much lower rate
of childhood solid tumours (Levitus et al. 2005, Levran et al. 2005, Litman et al.
2005, Rafnar et al. 2011, Seal et al. 2006).
The MRN complex (MRE11, RAD50 and NBS1) plays a central role in
cellular responses that are activated upon DNA damage, described in more detail
in chapter 2.7.1. Homozygous or compound heterozygous germline mutations in
the Nijmegen Breakage Syndrome (NBS1) gene predispose to the chromosomal
instability associated Nijmegen Breakage Syndrome (NBS). NBS patients and
their relatives are known to be at increased risk for developing several types of
cancers, including breast cancer (Seemanova 1990, Seemanova et al. 2007, Varon
et al. 1998). NBS1 variants have been found to associate with an increased risk for
breast cancer, of which one (NBS1 657del5) is conclusively implicated in breast
cancer. NBS1 657del5 is the most prevalent pathogenic NBS1 mutation implicated
in 90% of NBS patients, and 50% of the heterozygous carriers develop breast
cancer. Heterozygous carriers of this mutation have approximately a 3-fold
increased breast cancer risk. This rare mutation, causing a truncated protein
product, has been studied in various populations but has so far only been shown
to be significantly associated with breast cancer in Polish, Byelorussian and
German populations (Bogdanova et al. 2008, di Masi & Antoccia 2008, Steffen et
al. 2006). RAD50, another member of the MRN complex, has been associated
with breast cancer. A truncating mutation in RAD50, 687delT, was identified to be
a founder mutation in Finland and confers a fourfold increased risk for breast
cancer. A few other mutations have also been identified in RAD50 that might
confer an increased disease risk, but these findings need to be confirmed by
further investigations (Heikkinen et al. 2003, Heikkinen et al. 2006). Another rare
truncating RAD50 mutation, Q350X, has been identified in one family from the
UK. However, the association between this mutation and breast cancer
predisposition remains unclear (Tommiska et al. 2006).
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The breast cancer risk associated with neurofibromatosis, type 1 (NF1) may
also be moderately increased. NF1 is a common autosomal dominant disorder
with complete penetrance in the family caused by mutations in the NF1 gene.
NF1 is a tumour suppressor and its protein product, neurofibromin, functions
through downregulation of the RAS oncogene product. Patients with NF1 have a
greatly increased relative risk of developing gliomas, malignant peripheral nerve
sheath tumour, juvenile chronic myelomonocytic leukaemia, rhabdomyosarcoma
and phaeochromocytoma (Airewele et al. 2001, Sorensen et al. 1986, Zoller et al.
1997). According to one study, women with NF1 have a 4.9-fold excessive risk of
developing breast cancer by the age of 50 years when compared to the general
population. Overall, this study showed that the risk of developing breast cancer
before turning 50 is 8.4% for women with NF1 suggesting that there might be a
relationship between NF1 and breast cancer. However, further population-based
studies are needed to determine whether this relationship is a general feature of
NF1 or not (Sharif et al. 2007).
Low penetrance genes and factors
A number of common alleles have now been identified to associate with a slightly
increased risk of breast cancer and these may work in a polygenic multiplicative
model to account for the remainder of familial breast cancers. These so-called low
penetrance genes confer a relative risk < 1.5 for breast cancer, but their
heterozygote frequencies are high, ranging from 10% to 90% in the general
population (Pharoah et al. 2008, Turnbull & Rahman 2008). Validated low
penetrance genes are presented in table 1. Through large multistage GWAS
studies, around 20 SNPs have been validated at a significant level that reached the
genome-wide threshold (p < 5 × 10−7) (rev. in Trainer et al. 2011). Validated lowrisk susceptibility alleles are presented in table 2. To date, known low risk
variants account for ~10% of the breast cancer risk in the population although
potentially they may explain a greater component of the heritable risk in the
setting of a family history of the disease (Latif et al. 2010, Mavaddat et al. 2010b,
Turnbull et al. 2010). Unlike high penetrance mutations, none of the SNPs
described have been coding variants that would be expected to alter the amino
acid sequence directly or through regulation of splicing. Several of the SNPs
appear to be associated with an individual gene, many of which have known
functions consistent with a role of breast carcinogenesis such as growth regulation
(FGFR2, MAP3K1), DNA repair (RAD51L), apoptosis (CASP8), or hormone
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signalling (ESR1). Half of the reported disease risk associated SNP loci map a
long way from any obvious candidate gene, and often in a region described as a
gene desert. However, further investigations of individual loci have provided
initial evidence that these variants may have an effect on long distance chromatin
interactions that in turn can influence the expression of genes over several
hundred kilo-bases from the variant site. This has been showed directly for the
8q24 gene desert and the corresponding expression of the MYC proto-oncogene,
and may well apply to other candidates such as the cell cycle regulator CCND1 in
the 11q13 region, or the fibroblast growth factor FGF10 in the 5p12 region. For
other variants, such as the SNP rs13387042 in the gene desert at 2q35, the
mechanism of action remains unknown, although the risk association has been
well validated (McClellan & King 2010, Pomerantz et al. 2009, Trainer et al.
2011).
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Table 2. Validated low-penetrance breast cancer susceptibility alleles identified via
GWAS studies.
Variant

Gene locus

MAF

Relative risk

rs2981582

FGFR2

0.40

1.26 (1.23–1.30)

rs3803662

TOX3

0.27

1.11 (1.08–1.14)

rs889312

MAP3K1

0.28

1.13 (1.10–1.16)

rs13281615

8q24/c-MYC/FAM84B

0.40

1.08 (1.05–1.11)

rs13387042

2q35/TNP1/IGFBP5/IGFBP2/TNS1

0.48

1.12 (1.09–1.15)

rs10941679

5p12/FGFR10/MRPS30

0.32

1.11 (1.03–1.20)

rs3817198

LSP1

0.26

1.07 (1.04–1.11)

rs2046210/rs3757318

ESR1

0.35

1.15 (1.08–1.22)

rs4973768

NEK10/SLC4A7

0.46

1.11 (1.08–1.13)

rs6504950

STXBP4/COX11

0.30

0.95 (0.92–0.97)

rs999737

RAD51L

0.25

0.94 (0.88–0.99)

rs11249433

1p11.2/NOTCH2/FCGR1B

0.41

1.16 (1.09–1.24)

rs1045485

CASP8

0.13

0.89 (0.85–0.94)

rs1011970

CDK2NA

0.16

1.09 (1.04–1.14)

rs2380205

ANKRD16

0.41

0.94 (0.91–0.98)

rs704010

ZMIZ1

0.37

1.07 (1.03–1.11)

rs614367

11q13

0.16

1.15 (1.10–1.20)

rs10509168

ZNF365

0.47

1.16 (NA)

rs12662670

ESR1

0.07

1.30 (NA)

rs8170

MERIT40

0.19

1.09 (NA)

rs865686

9q31.2

0.39

0.89 (NA)

MAF minimum allele frequency (frequency at which the less common allele occurs in a given population),
NA not available. Validated low-penetrance breast cancer susceptibility alleles are reviewed in Trainer et
al. 2011, Turnbull & Rahman 2008, Lalloo & Evans 2012, Mavaddat et al. 2010a, Ahmed et al. 2009.

So far, the largest contribution to breast cancer risk has been attributed to an SNP
allele at the FGFR2 locus. This variant is present in about 1% of all breast cancer
cases and is associated with a ~1.1% relative malignancy risk. Somatic FGFR2
mutations that result in overactivity of the protein have also been reported in
several other cancers (Easton et al. 2007). In contrast, a coding variant (D302H)
in the CASP8 gene has been shown to confer a protective effect against breast
cancer. This variant occurs in 13% of women of European background and is
associated with approximately a 12% reduction in breast cancer risk. The
functional implications of the D302H variant are unknown and it is possible that
other variants in linkage disequilibrium with this allele cause the observed
protective effect. However, the effect conferred by the D302H variant further
demonstrates the importance of inherited variation in the apoptosis pathway in
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breast cancer predisposition (Cox et al. 2007, Mavaddat et al. 2010a).
Interestingly, some of the reported SNPs have also been identified to act as
modifiers of BRCA1 and BRCA2 since several common SNPs (TOX3, FGFR2,
MAP3K, LSP1, 2q35, SLC4A7, 1p11.2, 5p12 and 6q25.1) were found to confer
increased risks for breast cancer in BRCA2 mutation carriers. However, only the
SNPs at TOX3, 2q35 and 6q25.1 showed a further increased cancer risk for
BRCA1 mutation carriers (Antoniou et al. 2008, Antoniou et al. 2011). The
RAD51 polymorphism 135G>C, which affects splicing of this gene, has also been
identified to increase the risk of breast cancer for BRCA2 mutation carriers
(Antoniou et al. 2007).
In addition to low risk genes, certain copy number variants (CNVs) have an
impact on breast cancer risk similar to that of SNPs. The role of CNVs in
psychiatric disorders has already been established (International Schizophrenia
Consortium 2008, Walsh et al. 2008). Not long ago, a large case-control study
ruled out the association of common CNVs in breast cancer susceptibility
(Wellcome Trust Case Control Consortium et al. 2010). Nevertheless, a recent
study showed that a significant overrepresentation of genes involved in the
maintenance of genomic integrity were seen in familial and young breast cancer
cohorts and the number of rare CNVs in familial cases was almost two times, and
in young breast cancer cases 1.5 times higher than in the controls. The
overrepresented genes function mainly in DNA DSB repair signalling (BLM,
RECQL4 and DCLRE1C) and the TP53 network (CASP3 and ESR2) (Pylkäs et al.
2012). This finding was further supported by another study providing evidence
that rare CNVs indeed contribute significantly to familial and early-onset breast
cancer (Krepischi et al. 2012). Therefore, rare CNVs should be recognized as
optional predisposing factors for familial and early-onset breast cancer.
2.6

Search for novel disease predisposing gene variants

Despite the recent discoveries in the genetic predisposition to breast cancer, still
~70% of the inherited disease risk remains unexplained by known susceptibility
factors. It seems unlikely that additional high-risk genes similar to BRCA1 and
BRCA2 will be identified; however, it is possible that novel high risk genes exist
but that mutations in these factors will not be as common as those in BRCA1 and
BRCA2. Since most of the moderate risk genes discovered so far are involved in
DDR it is important to investigate DNA repair pathways further in order to reveal
possible novel breast cancer predisposition genes. In addition, genes coding for
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protein products that interact with or otherwise contribute to the functions of
BRCA1 and BRCA2 are also excellent candidates for familial breast cancer since
many such susceptibility genes have already been identified (e.g. CHEK2, BRIP1
and PALB2) (Erkko et al. 2007, Meijers-Heijboer et al. 2002, Seal et al. 2006).
Many susceptibility genes have also been identified to cause cancer syndromes,
especially childhood cancer. For example, biallelic mutations in ATM are known
to cause A-T, and defects in BRCA2, BRIP1 and PALB2 predispose to FA, and
both of these syndromes predispose to childhood cancer (Easton 1994, Mathew
2006, Savitsky et al. 1995). Therefore, genes responsible for other childhood
cancer syndromes could also represent good candidates for breast cancer
susceptibility.
The first breast cancer susceptibility genes were found through genetic
linkage studies and positional cloning. Somewhat later moderate risk genes were
discovered through candidate screening approaches, and the most recently
identified common low risk loci were found through genome-wide association
SNP studies. Comprehensive international collaboration together with utilization
of new technology, such as whole genome and exome sequencing, SNP and CNV
arrays, have already revealed multiple novel common low risk genes and
probably will reveal many more in the near future. Nevertheless, the risk
conferred by these novel factors may be even lower than that conferred by those
already identified. Based on the widely accepted polygenic model of inherited
breast cancer predisposition, the identification of these common low risk alleles
will give more information on breast cancer susceptibility when coupled with
knowledge on how breast cancer susceptibility alleles interact to confer an
increased risk of breast cancer. Besides the understanding of breast cancer
susceptibility gene interactions, a greater knowledge of non-genetic factors that
modify the genetic risk will also allow more accurate estimates of the likelihood
for an individual to develop breast cancer (rev. in Ahmed et al. 2009).
Finding out more about the genetics of breast cancer and disease
susceptibility could lead to the availability of targeted therapies for malignancy
based on the individual patient´s genetic profile. As an example, PARP [poly
(ADP-ribose) polymerase] inhibitors were discovered to induce selective tumour
cytotoxicity, while sparing the normal cells in BRCA mutant tumours, and this
tumour cell specific effect raised the possibility that PARP inhibitors could
represent a novel means of therapy for BRCA mutation carriers (Farmer et al.
2005).
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The use of population isolates with founder mutations of higher prevalence
than is typical of outbred populations can also empower the search for new breast
cancer predisposing factors (Erkko et al. 2007). The Finnish population represents
an especially good target for such studies since Finland has been geographically
isolated for centuries. Therefore, the Finns are genetically relatively homogenous
and thus some disease causing alleles might be enriched in this population.
2.7

DNA damage response

The maintenance of genomic stability is essential for cellular integrity, which is
constantly challenged by DNA lesions. Every day many thousands of DNA
lesions arise in each human cell of which the majority occur as by-products of
normal cell metabolism or DNA replication. Lesions are also induced by either
endogenous [e.g. reactive oxygen species (ROS) resulting from metabolic
processes] or exogenous (e.g. ionizing radiation, UV) agents (Ciccia & Elledge
2010, Jackson & Bartek 2009). DNA damage can have deleterious effects by
interfering with DNA replication and transcription, which may result in mutations
and chromosomal aberrations. Therefore cells have developed DDR as a defence
system against this threat – an elaborate signalling network activated by DNA
damage, which swiftly modulates many physiological processes, such as cell
cycle transmissions, DNA replication, DNA repair and apoptosis, to prevent
lesion transmission to daughter cells (Ciccia & Elledge 2010, Hoeijmakers 2001).
DDR involves the recruitment and localization within distinct nuclear foci of
DNA damage sensors, mediators, transducers and effector proteins (Jackson &
Bartek 2009). To date, we know of several alternative DNA repair pathways that
may be recruited following certain types of DNA damage. DNA DSBs activate
HR and non-homologous end joining (NHEJ) pathways, while single-strand
breaks (SSBs) and lesions activate direct repair mechanisms through the action of
the NER, MMR or BER pathways. Some of these pathways are discussed in more
detail in chapter 2.7.1–2.7.3. Defects in DDR contribute to aging and various
disorders, including developmental defects, neurodegenerative diseases and
cancer (as discussed in previous chapters). This highlights the critical importance
of an efficient DDR for cell and organism viability (Hoeijmakers 2001, Jackson &
Bartek 2009).
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2.7.1 DNA double-strand break repair pathway
DNA DSBs are the most deleterious form of DNA damage since they do not leave
an intact complementary strand to be used as a template for DNA synthesis. If left
unrepaired, they can ultimately lead to chromosome breaks and translocations that
are associated with different diseases, cancer in particular. DSBs are generated in
response to IR or radiometric drugs by free radical attack on deoxyribose and also
arise upon replication of DNA containing other DNA lesions like SSBs. In
addition, DSBs are deliberately generated in meiotic cells and in lymphocytes
during V(D)J recombination and class switch recombination (Jackson & Bartek
2009). In response to DSBs, repair pathways delay or stop the cell cycle at critical
points before or during DNA replication (G1/S and intra-S checkpoints) and
before cell division (G2/M checkpoint), thus preventing duplication and
segregation of damaged DNA. Proteins responsible for DSB repair can be
categorized as DNA damage sensors (MRN complex, Ku70/Ku80, RPA),
transducers (DNA-PK, ATM, ATR), mediators (MDC1, 53BP1, BRCA1, TopBP1)
and effectors (Chk2, Chk1) (Polo & Jackson 2011).
Two PIKKs (phosphatidylinositol-3kinase-like kinases), ATM and ATR, are
critical upstream regulators of checkpoint signalling. ATM is activated primarily
by DSBs, whereas stalled replication forks and DSBs activate ATR (the function
of ATR in replication stress is discussed in chapter 2.7.2). A third member of the
PIKK family, DNA-dependent protein kinase (DNA-PK), is also activated by
DSBs. In contrast to ATM and ATR, the role of DNA-PK is restricted to NHEJ
repair. Proteins responsible for recruiting these transducer kinases, PIKKs, to the
site of DNA damage are the sensors, MRN complex for ATM, Ku70/Ku80
heterodimer for DNA-PK, and ATR-interacting protein (ATRIP) and replication
protein A (RPA) for ATR. ATR is only recruited to the DSBs in the S or G2 phases
(Cimprich & Cortez 2008, Falck et al. 2005, Jazayeri et al. 2006). The MRN
complex and Ku70/Ku80 heterodimer are actually the first complexes to sense or
recognize DSBs and therefore initiate checkpoint signalling and repair pathways
by recruiting PIKKs. A prime PIKK target is the histone H2A variant H2AX
which is phosphorylated on Ser139, referred to as γH2AX; this is considered to be
a hallmark of the DSB response. γH2AX acts as a docking site for the recruitment
of the mediator protein MDC1 (for ATM) that in turn promotes phosphodependent recruitment of MRN-ATM as a positive feedback loop to amplify and
sustain DNA damage signalling (Mirzoeva & Petrini 2001, Stucki & Jackson
2004, Stucki et al. 2005). Further on, phosphorylated MDC1 allows the
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recruitment of E3 ubiquitin ligases, such as RNF8 and RNF168, to DSB sites
where they polyubiquitylate γH2AX that is needed to get other mediators, such as
53BPI and BRCA1 for ATM, and TopBP1 and Claspin for ATR, to the damaged
sites. It is actually the BRCA1-A complex that is recruited to polyubiquitylated
γH2AX where it mediates the G2/M checkpoint. Another phosphorylation target
for ATM upon DSBs is the effector kinase Chk2 that initiates G1/S and G2/M
checkpoints by inactivating phosphatases of the Cdc25 family. In addition, ATR,
with the help of TopBP1 and Claspin, activates its downstream substrate, the
effector kinase Chk1, which phosphorylates partially the same targets as Chk2,
like Cdc25A, Cdc25C and p53, to induce transient cell cycle arrest in the intra-S
phase checkpoint and/or at the G2 while the DNA damage is repaired. In total,
Chk1 and Chk2 regulate fundamental cellular functions, such as DNA replication
and cell cycle progression, chromatin restructuring and apoptosis. These effector
kinases are actually responsible for spreading the DSB-signal throughout the
nucleus (rev. in Aressy & Ducommun 2008, Bartek & Lukas 2003, Busino et al.
2004). Generally it is thought that ATM activates Chk2, and ATR primarily
activates Chk1. However, this concept has been altered by reports of various
“crosstalk” among these kinases, especially when it was discovered that Chk1 is
activated both by ATR and ATM (rev. in Dai & Grant 2010).
HR and NHEJ repair mechanisms
Cells have two major pathways to repair DSBs, HR and NHEJ. These pathways
are complementary and operate optimally under different circumstances. HR
requires the presence of a homologous template, a sister chromatid, which allows
accurate repair of post-replicative DSBs in S and G2 phases (Moynahan & Jasin
2010, San Filippo et al. 2008). In contrast, NHEJ is active throughout the entire
cell cycle but is the preferred choice as a repair pathway during G0, G1 and early
S phase. While NHEJ is highly efficient, its imprecise nature makes it prone to
mutations (Lieber & Wilson 2010). Simplified models of the NHEJ and HR repair
mechanisms are presented in Figure 3.
Since it mediates the direct ligation of broken DNA ends and usually involves
minimal DNA end processing NHEJ is the most prevalent DSB repair pathway. In
NHEJ, broken DNA ends are first recognized, captured and brought together by
the Ku70/Ku80 heterodimer which recruits and activates the DNA-dependent
protein kinase (DNA-PK) holoenzyme (Gottlieb & Jackson 1993), composed of
the catalytic subunits of DNA-PK (DNA-PKcs) that juxtaposes these broken
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DNA ends. Before being ligated by the XLF-XRCC4-LigaseIV complex, these
juxtaposed DNA ends are acted on by various factors, such as the nuclease
Artemis, polynucleotide kinase 3´-phosphatase (PNKP), Aprataxin and APLF
(Aprataxin and PNK-like factor). When NHEJ is hindered, alternative end-joining
pathways can take over. These pathways usually rely on terminal
microhomologies for the joining and involve certain factors that function in HR
and SSB repair, like the MRN complex (rev. in Polo & Jackson 2011).
A crucial regulatory step that determines the choice between HR and NHEJ
as a repair pathway is the process of DSB resection, which is required for HR but
not for NHEJ. The BRCA1-C complex facilitates the DSB resection to generate
ssDNA, since the CtIP in the complex promotes DNA end resection by interacting
and stimulating the nuclease activity of the MRN complex (Chen et al. 2008).
Resection comprises the 5´-to-3´nucleolytic processing of DNA ends by the MRN
complex with the help of CtIP, RECQ family helicases and the nucleases ExoI
and Dna2. The ssDNA overhangs formed are rapidly coated by the ssDNAbinding complex RPA before being substituted by RAD51 with the help of other
RAD51 paralogs and other proteins, which also comprise the FA pathway, such as
FANCD1/BRCA2 and FANCN/PALB2. BRCA2 has a very important function in
HR repair since it promotes the assembly of RAD51 nucleofilaments that
mediates a homology search in the sister chromatid. This is then followed by
strand invasion into the homologous template. BRCA2 requires PALB2 to be
localized to the damaged sites, before it can stabilize the HR intermediates and
thereby promote HR. The role of PALB2 in HR will be discussed in more detail
in chapter 2.8.1. After strand invasion and the action of DNA polymerases and
DNA end ligation by Ligase I, DNA helicase and resolvase enzymes mediate the
cleavage and resolution of HR intermediates to yield intact and repaired DNA
strands (Bernstein & Rothstein 2009, Huertas 2010, Longhese et al. 2010,
Mimitou & Symington 2009, Polo & Jackson 2011, Rupnik et al. 2010, Xia et al.
2006, You & Bailis 2010, Zou & Elledge 2003).
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Fig. 3. Simplified models of HR and NHEJ repair. Either a Ku70/Ku80 heterodimer or
the MRN complex recognizes the DSB and depending on pathway choice, HR or NHEJ
is activated. The NHEJ mechanism is presented in the diagram on the left and HR on
the right. In the NHEJ model DLIV means DNA ligase IV. In the HR model, after BRCA2
has mediated the RAD51 loading Rad51 forms a nucleoprotein filament that invades a
homologous sequence and activates strand exchange to generate a crossover
between the juxtaposed DNA. Modified by permission from Summers et al. 2011.

The repair pathway choice
It is clear that there are two protein complexes that recognize DSBs and each of
them activates a different repair mechanism. However, it is still not clear how the
cell decides which pathway to use and how HR and NHEJ proteins compete with
each other for the same DNA end. Several studies have shown that Ku70/Ku80
interferes with the repair of DSBs by HR. Conversely, it seems that the MRN
complex can actively release Ku70/Ku80 from DNA ends when HR is the
favourable repair mechanism (rev. in Langerak & Russell 2011). Moreover, the
efficiency of HR increases if Ku is absent, but not the other way around, which
suggests that cells are trying to join the DNA ends by NHEJ before initiating
resection. Therefore, it seems that cells favour NHEJ as the default mechanism to
repair DSBs if the DNA ends are compatible with joining. Only if this fails does
resection start to prepare substrates for HR (Allen et al. 2002, Frank-Vaillant &
Marcand 2002, Pierce et al. 2001).
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Recent studies have indicated a pivotal role for BRCA1 in the competition
between HR and NHEJ. It is already established that the BRCA1-C complex has a
critical role in the initial resection of DSBs and the BRCA1-B complex functions
in HR as well. However, the specific mechanism for this remains unclear.
Furthermore, the BRCA1-A complex has also been indicated to function in HR,
apparently having a role in maintaining the balance of DNA repair pathways by
restricting excessive end resection (rev in. Coleman & Greenberg 2011, Wang
2012). The BRCA1-A complex has been shown to restrict end resection in the
S/G2 phase of the cell cycle and in this way limits HR and promotes NHEJ as a
repair mechanism. The loss of this complex results in elevated HR, and a decrease
in NHEJ, through an increase in end resection, which is mediated by an increase
in MRE11 and CtIP recruitment to DSBs during S and G2. Thus, it seems that the
BRCA1-A complex has also a role in protecting the break from aberrant nuclease
accessibility. Altogether, the BRCA1-A complex seems to be crucial in
maintaining the balance between HR and NHEJ and disruption of this balance can
lead to genomic instability, since chromosomal instability emerges when BRCA1
HR function is either uncontrolled or absent (Coleman & Greenberg 2011, Hu et
al. 2011). Furthermore, it is well known that recombination between homologous
sequences dispersed throughout the genome can lead to deleterious chromosome
rearrangements, which might promote cancer development. The fact that SSA and
HR are likely the main contributors to these events highlights the importance of
maintaining the balance between HR and NHEJ (Griffin & Thacker 2004,
Kolomietz et al. 2002, Radman et al. 1982, Reliene et al. 2007, Sung & Klein
2006, Thompson & Schild 2001).
2.7.2 Replication stress response
Cells are particularly vulnerable to DNA damage during replication since all
forms of DNA damage block replication and cause replication stress. Therefore,
the stability of DNA replication forks is crucial for genomic stability and cell
survival. When a DNA replication fork encounters obstacles on the DNA template
it may stall or collapse. These obstacles can be spontaneous DNA damage,
secondary structures arising from repeated A-T- or G-C-rich sequences or DNA
interstrand crosslinks (ICL; repair pathway and cellular response to ICLs is
discussed in chapter 2.7.3). If the replisome collides with the transcription
machinery or meets a replication fork barrier (RFB), this also causes replication
fork stalling (Deshpande & Newlon 1996, Little et al. 1993, Lobachev et al. 2007,
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Woynarowski 2004). Replication forks rely on several signalling and repair
mechanisms to overcome the impediment; key proteins and pathways are
represented in figure 4. Uncoupling of the replicative helicase from the DNA
polymerase leads to accumulation of ssDNA, which is very rapidly bound by RPA,
RPA being a major signal for downstream events, including fork repair and
checkpoint activation. The replisome at stalled forks is stabilized by proteins that
also function in DDR, including RPA, ATR-ATRIP and ATM. These proteins
preserve the fork structure while the damage is repaired. PCNA also accumulates
rapidly to ssDNA/dsDNA transitions, providing an alternative pathway for
bypassing a lesion. Error-prone translesion synthesis polymerases may be
recruited to monoubiquitinated PCNA, which then allows lesion bypass in a
damage tolerance pathway. However, how PCNA accumulates at these sites and
whether this is regulated by the DDR is still not clear (Budzowska & Kanaar 2009,
Moldovan et al. 2007, Niimi et al. 2008, Petermann & Helleday 2010, Zou et al.
2006).
A stalled fork pauses in its movement to give time for the repair machinery to
remove the blockade. After the removal the fork is able to resume progression. If
a stalled fork is not restarted in a timely manner it may lead to the formation of
unusual DNA structures and collapse into a one-ended DSB (double-strand end DSE). When a fork encounters a single-strand break in a template strand, this
leads directly to a fork collapse and a DSE. As in the case of DSBs, ATM and
ATR are recruited to collapsed replication forks to activate checkpoint and repair
pathways via a signalling cascade that leads to the phosphorylation of γH2AX in
the DSE site (DSB repair has been discussed in more detail in chapter 2.7.1) (rev.
in Allen et al. 2011, Chanoux et al. 2009, Downey & Durocher 2006, Jones &
Petermann 2012, Ward & Chen 2001). Hence, both older and more recent
evidence indicate that broken forks stimulate replication initiation at adjacent,
dormant origins, possibly to complete replication of sequences that were not
replicated by the broken fork (Doksani et al. 2009, Taylor & Hozier 1976).
The replication stress (intra-S) checkpoint is executed through a stepwise
activation of damage sensors, transducers and effector proteins. First, the ssDNA
is rapidly coated by RPA at the stalled forks and the resulting RPA-ssDNA
complex recruits ATR through an ATRIP-RPA interaction. ATR activation
depends on RAD17-mediated loading of the RAD9-HUS1-RAD1 complex (9-1-1
complex) aided by a RAD9-RPA interaction. Next, RAD9 recruits TopBP1, which
is an essential ATR activator. Activated ATR phosphorylates RAD17, which then
recruits Claspin to be phosphorylated by ATR. Phosphorylated RAD17-Claspin
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promotes both ATR phosphorylation/activation of Chk1. ATR also activates many
downstream targets, like H2AX and p53, via phosphorylation. These proteins are
involved in checkpoint signalling, DNA repair and apoptosis. However, the
phosphorylation of Chk1 on Ser345 and Ser317 is an extremely important task of
ATR (rev in. Allen et al. 2011, Ciccia & Elledge 2010, Jones & Petermann 2012).
In addition to ATR, other proteins, like Brit1/Mcph1 and FANCM/FAAP24 have
been reported to be essential for efficient Chk1 activation. Additionally, FANCJ
and Tim-Tipin seems to influence Chk1 activation via their roles in ssDNA
generation (Collis et al. 2008, Gong et al. 2010, Rai et al. 2006, Smith et al.
2009). Chk1 has a crucial role in intra-S phase checkpoint activation. Activated
Chk1 phosphorylates effector proteins, like cell cycle phosphatases CDC25A,
CDC25B and CDC25C, which prevent the activation of cyclin E/A-CDK2 and
cyclin B-CDK1. This slows down S phase progression and prevents mitotic entry,
providing time for the cell to restart or repair the stalled forks. Other Chk1
substrates are p53 and DNA repair proteins such as, RAD51, BRCA2 and FANCE.
Altogether Chk1 activation ultimately leads to the stabilization of stalled forks,
repair of collapsed forks and prevention of late origin firing which presumably
prevents further encounters of forks with DNA damage (Bahassi et al. 2008,
Ciccia & Elledge 2010, Kemp et al. 2010, Sanchez et al. 1997, Shieh et al. 2000,
Sorensen et al. 2003, Wang et al. 2007, Zhao et al. 2002).
ATR has always been considered to be the more important player in the
response to replication blocks than ATM. However, there is crosstalk between
ATR and ATM. ATM promotes processing of DSBs also during S phase, and ATM
can be phosphorylated and activated by ATR in response to replication stress.
Indeed, it has been shown that ATM signalling also slows replication in response
to DNA damage and this probably occurs by inhibition of origin firing. In
addition, ATM plays roles in the stabilization and repair of damaged replication
forks (Costanzo et al. 2000, Falck et al. 2001, Jazayeri et al. 2006, Jones &
Petermann 2012, Stiff et al. 2006).
Activated Chk1 has also been reported to be required for the HR mediated
restart of replication forks (Sorensen et al. 2005). Interestingly, HR plays a major
role in restarting stalled and collapsed forks, and this role is essential in higher
eukaryotes (Budzowska & Kanaar 2009, Sonoda et al. 1998). Most spontaneous
HR happens during DNA replication followed by DNA damage arising at
replication forks (Arnaudeau et al. 2001, Saleh-Gohari et al. 2005). HR catalyses
template switching of a blocked replication strand to the undamaged sister
chromatid where DNA synthesis and a second template switch bypass the
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blocking lesion. If the lesion occurs in repeated sequences invasion can happen in
or out of register with the latter producing detectable genetic rearrangements. In
the same way, at collapsed forks, HR mediates strand invasion of the 3´end of a
DSE into a sister chromatid, a process termed break-induced replication (BIR)
(Llorente et al. 2008, Lundin et al. 2002, Saintigny et al. 2001). Recent studies
performed by Schlacher et al. on BRCA2 and by Hashimoto et al. on RAD51 and
MRE11 revealed that these key HR proteins perform crucial functions also at
replication forks. Both studies showed unexpected roles for BRCA2 and RAD51
in protecting nascent DNA from MRE11 mediated degradation. The protective
roles of BRCA2 and RAD51 are independent of HR and have been suggested to
relate to the licensing of cell cycle progression. According to this model, at stalled
replication forks Chk1-mediated inhibition of CDKs prevents BRCA2
phosphorylation. Once lesions are removed, the genome is fully duplicated and
stable, and RAD51 filaments are no longer needed, CDKs phosphorylate BRCA2
to promote RAD51 disassembly, which has been shown to promote entry into
mitosis (Ayoub et al. 2009, Hashimoto et al. 2010, Schlacher et al. 2011). This
replication-stress induced MRE11 recruitment seems to be dependent on PARP1
and PARP2 proteins functioning in DNA break protection. These enzymes are
suggested to detect disrupted replication forks and to attract MRE11 for resection
leading to ssDNA formation at stalled forks, which then allows RAD51 loading
and subsequent HR. However, the reason why MRE11 degrades a newly
synthesized strand is unknown, but the whole MRN complex is known to be
required for repair of DSBs spontaneously arising during replication. This is
consistent with the demonstration of the accumulation of DSBs during DNA
replication in the absence of MRE11. One explanation could be that BRCA2,
RAD51 and MRE11 may balance replicating forks by maintaining a fine
equilibrium between opposing activities. These could stabilize forks and promote
rapid repair. Interestingly, inhibition of PARP1 is a synthetic lethal with defects in
HR and is currently being tested as a monotherapy for heritable breast and
ovarian cancers deficient in BRCA1 or BRCA2, underlining the importance of HR
in the replication stress response (Bryant et al. 2009, Costanzo 2011, Farmer et al.
2005, Hashimoto et al. 2010, Schlacher et al. 2011).
Additionally, several reports have suggested that NHEJ factors are involved
in the replication stress response. The Ku70/Ku80 heterodimer, a core NHEJ
factor, likely plays an important role in DNA replication, since it associates with
mammalian origins of replication and replication-related proteins including DNA
polymerases, the origin recognition complex and PCNA. As a response to
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replication stress, the Ku heterodimer associates with γH2AX foci in a DNAPKcs independent manner; however, the resolution of these foci depends on
DNA-PKcs, probably reflecting DSE and/or DSB repair. Considering the
significant cross-regulation of HR and NHEJ in DSB repair (discussed in more
detail in chapter 2.7.1) it is possible that HR and NHEJ proteins cooperate also in
fork restart (Allen et al. 2011, Arnaudeau et al. 2001).

Fig. 4. The

replication

stress

response

network.

Black

arrows/bars

represent

activation or suppression pathways or interactions between different proteins, grey
arrows, which have been marked with stars, indicate known phosphorylation events
by ATM, ATR and DNA-PKcs and PIKKs stands for ATM/ATR/DNA-PKcs. Note that RPA
is phosphorylated by all three PIKKs. Modified by permission from the Oxford
University Press: [Journal of Molecular Cell Biology] Allen et al. 2011 (Copyright 2012).

2.7.3 DNA crosslink repair by the Fanconi anemia pathway
ICLs are toxic lesions that can arise during normal cellular metabolism or cancer
chemotherapy. ICL covalently tethers both DNA strands, which blocks DNA
strand separation and prevents DNA metabolism, like transcription and replication
(Su & Huang 2011). Cells have evolved a distinct pathway to deal with such
lesions, named the Fanconi anaemia pathway, since all the 15 FA proteins
cooperate in this pathway. A schematic model of the FA pathway is presented in
figure 5.
The FA pathway is not constitutively active in normal cells but is turned on
during S phase or following DNA damage. Repair is initiated when two
replication forks converge upon the site of the crosslink leading to replication fork
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stalling. The ICL is recognized by the FANCM/FAAP24 complex, which then
recruits the FA core complex. MRN is also alerted to the lesion site in order to
activate ATR. ATR activates cell cycle checkpoints including Chk1 and also
initiates the repair process. ATR phosphorylates the FA core complex and
FANCD2 on the Thr691 and Ser717 sites. These phosphorylation events promote
monoubiquitylation and enhance cellular resistance to DNA crosslinking agents
(Friedel et al. 2009, Ho et al. 2006, Shuen & Foulkes 2011). Like FANCD2,
phosphorylation of FANCI is also required for the monoubiquitylation and
localization of the FANCD2-FANCI (ID) complex to the damage sites. It has been
suggested that the phosphorylation of FANCI may function as a molecular switch
to turn on the FA pathway, but this needs more clarification (Ishiai et al. 2008).
The FA core complex is composed of eight FA proteins (A, B, C, E, F, G, L
and M), which assemble into a nuclear complex. FANCL functions as an E3
ubiquitin ligase, monoubiquitylating its two substrates FANCD2 and FANCI.
Recently, a new subunit of the FA core complex, FAAP20, was identified.
FAAP20 interacts with FANCA, maintains the integrity of the FA core complex
and allows the monoubiquitination (Kim et al. 2012). In addition to the FA core
complex, MHF1 and MHF2 also serve as a multi-subunit ubiquitin E3 ligase for
the FANCD2-FANCD1 monoubiquitylation (Dorsman et al. 2007, Kennedy &
D'Andrea 2005, Montes de Oca et al. 2005, Smogorzewska et al. 2007, Wang
2007). The ubiquitylated ID complex assembles at the DNA damage sites to
stabilize the arrested fork and allows the recruitment of a number of proteins, like
FANCD1 (BRCA2), FANCN (PALB2), FACJ (BACH1/BRIP1), FANCO
(RAD51C), RAD51 and PCNA, to remove the ICL and to generate a DSB and/or
a DNA adduct (ADD), which are ultimately repaired by HR (DSB) and/or
translesion DNA synthesis (TLS)/NER (ADD) (Garcia-Higuera et al. 2000,
Hussain et al. 2004, Kumaraswamy & Shiekhattar 2007, Meindl et al. 2010, Vaz
et al. 2010, Wang et al. 2004, Xia et al. 2006). Especially BRCA1 plays an
important role in HR mediated ICL repair, since it promotes chromatin loading of
ubiquitylated FANCD2 at an early step and RAD51 loading at a later step
(Bunting et al. 2012).
The ID complex also recruits endonucleases such as FA associated nuclease 1
(FAN1) and the newly identified FANCP/SLX4 protein, which severs the
crosslink via dual incisions leading to the uncoupling of sister chromatids from
one another. SLX4-associated MUS81/EME1 and ERCC1/XPF nucleases also
promote crosslink unhooking (Ciccia et al. 2008, Crossan & Patel 2012, Kratz et
al. 2010, Liu et al. 2010, MacKay et al. 2010, Smogorzewska et al. 2010). The
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unhooking process converts a stalled replication fork into a DSB and TLS allows
the bypass of the untied cross-linking oligonucleotides and the restoration of a
nascent strand. This step is performed by TLS polymerases like REV1, DNA
polymerase ζ and/or DNA polymerase η. The DSB is then repaired by HR (see
chapter 2.7.1 for the HR repair mechanism), while NER removes the remaining
adducts followed by replication fork restoration (rev in. de Groote et al. 2011,
Kim & D'Andrea 2012, Su & Huang 2011). Importantly, the FA core complex
seems to control the TLS step as well since it was shown that one FA core
complex subunit, FAAP20, regulates the localization of monoubiquitinated REV1
to the DNA lesion (Kim et al. 2012).
The deubiquitylation of FANCD2 by USP1 and UAF1 has also been shown
to be equally as important as its monoubiquitylation. While the exact mechanism
regulating this monodeubiquitylation is still unknown, several possibilities have
been proposed. For instance, deubiquitylation of FANCD2 may be required to
release it from DNA repair complex(es), thereby allowing the following repair
steps to take place in order to complete ICL repair. Another possibility is that
persistence of FANCD2 mono-ubiquitylation may be toxic to cells and hence it
gets deubiquitylated (Kim et al. 2009, Nijman et al. 2005, Oestergaard et al.
2007). Interestingly, also SUMOylation is involved in FA pathway coordination,
since recently SUMOylation was shown to target the USP1-UAF1 deubiquitinase
complex to its monoubiquitinated substrates (Yang et al. 2011). Hence, the FA
and TLS pathways are coordinated by concerted actions of ubiquitin and SUMO
signalling networks.
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Fig. 5. A schematic model of the Fanconi anemia pathway for ICL repair. Modified by
permission from the Springer Science and Business media: [Journal of Mammary
Gland Biology and Neoplasia] Shuen & Foulkes 2011 (Copyright 2012).
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2.8

Genes functioning in BRCA signalling complexes as
candidates for involvement in familial breast cancer
susceptibility

2.8.1 PALB2
Partner and localizer of BRCA2 (PALB2) was identified via its interaction with
BRCA2, when the search for new proteins present in endogenous BRCA2containing complexes were performed. BRCA2 was immunoprecipitated from
HeLa cell extracts and the relatively small number of major components of the
precipitate were identified. All protein bands were subjected to mass
spectrometric analysis. As expected the most abundant protein with the highest
molecular weight was BRCA2 and the protein migrating just above the 39 kD gel
marker was RAD51. A third major band just above 97 kD was identified to be
PALB2 (Xia et al. 2006).
The putative open reading frame of PALB2 consists of 1186 residues
(~130kDa) and the PALB2 gene, which is located on chromosome 16p12, consists
of 13 exons (Xia et al. 2006). PALB2 contains a coiled coil domain, which
mediates PALB2 oligomerization and directly binds to BRCA1. Further analysis
of PALB2 revealed two DNA binding sites, P2T1 and P2T3, as well as a ChAM
(chromatin-association motif) binding motif at its N-terminus. A WD40 repeat at
its C-terminus binds directly to BRCA2 and RAD51 (Bleuyard et al. 2012,
Buisson et al. 2010, Dray et al. 2010, Sy et al. 2009b, Sy et al. 2009c, Xia et al.
2006, Zhang et al. 2009a, Zhang et al. 2009b). The schematic protein structure of
PALB2, known binding sites and interacting proteins are presented in figure 6.

Fig. 6. Schematic protein structure of PALB2. PALB2 contains a coiled-coil domain,
two DNA binding sites, P2T1 and P2T3, and ChAM binding motif at its N-terminus, and
WD40 repeats at its C-terminus. These binding sites/motifs and interacting proteins
are shown above/below the region of PALB2 required for their association (lines).
Modified by permission from American Society for Microbiology journals: [Molecular
and Cellular Biology] Ma et al. 2012 (Copyright 2012).
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Around 50% of PALB2 and 50% of BRCA2 are associated with each other in the
cell with high affinity; however, the stoichiometry of PALB2-BRCA1 binding
seems to be much lower (Sy et al. 2009b, Xia et al. 2006, Zhang et al. 2009a).
Like BRCA2-deficient cells, PALB2 knockdown cells exhibited diminished HR
activity, MMC sensitivity and intra-S phase checkpoint defects showing that
PALB2 is extremely crucial for BRCA2 functions in HR mediated DSB repair. In
addition, the PALB2 binding site was mapped to the extreme N-terminus of
BRCA2, which is both necessary and sufficient for the binding (Xia et al. 2006).
PALB2 actually promotes the stable intranuclear localization/accumulation of
BRCA2, which facilitates BRCA2 functions in HR/DSB repair and the S phase
checkpoint. The PALB2-BRCA2 interaction stabilizes BRCA2, at least partly, by
preventing BRCA2 from being stranded in the nuclear soluble fraction where it is
intrinsically less stable, due to the effects of proteasome-mediated degradation
(Xia et al. 2006). BRCA2 localization to the damaged sites actually occurs via a
PALB2-BRCA1 interaction; therefore PALB2 physically links BRCA1 and
BRCA2 to form a “BRCA” complex. It was shown that BRCA1 is an upstream
regulator of PALB2 and BRCA2 in DDR since BRCA1 promotes the
concentration of PALB2-BRCA2 at the damage sites. Furthermore, these studies
demonstrated that the association between BRCA1 and PALB2 is important for
HR mediated DSB repair (Sy et al. 2009b, Zhang et al. 2009a, Zhang et al.
2009b). Altogether, PALB2 is essential for key nuclear caretaker functions of
BRCA2, since it ensures proper BRCA2 nuclear presence and as PALB2-deficient
cells phenocopy BRCA2-deficient cells. Interestingly, three discrete cancerassociated BRCA2 mutations were found to disrupt the BRCA2-PALB2
association, causing deficiencies in BRCA2 localization to nuclear structures and
to function in HR mediated DSB repair (Xia et al. 2006). This implies that
PALB2 could contribute to genome stability much in the same way as BRCA2,
which has a vital tumour suppressor function.
Two separate studies have identified MRG15 as a component of certain
chromatin remodelling complexes that bind to PALB2 and suggested that this
interaction is actually required for recruiting the whole BRCA complex to the
damage sites. Hayakawa et al. showed that knockdown of MRG15 diminished the
BRCA complex recruitment and reduced chromatin loading of PALB2 and
BRCA2. However, this result was not supported by the other study, pointing to a
need for further studies in order to clarify whether or not MRG15 actually
facilitates HR via PALB2 (Hayakawa et al. 2010, Sy et al. 2009a).
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PALB2 has a multifaceted role in DDR. It has been demonstrated that PALB2
directly binds D loops and dsDNA. More importantly, it interacts directly with
RAD51, which enhances the ability of the latter to form D-loops during strand
invasion in HR mediated DSB repair (Buisson et al. 2010, Dray et al. 2010). In
addition, one in vivo study demonstrated that PALB2 actually oligomerizes upon
DNA damage in order to facilitate its accumulation at DSB sites and to initiate
HR by recruiting the BRCA2-RAD51 repair machinery (Sy et al. 2009c).
Furthermore, the recently identified ChAM motif in the N-terminus of PALB2
mediates the nucleosome association of PALB2. This functional domain seems to
be important for its DSB localization, since its deletion from PALB2 does not
effect its ability to interact with other known binding partners, but causes reduced
association with chromatin in unperturbed and damaged cells. Thus, ChAM
deletion is sufficient to decrease PALB2 and RAD51 accumulation at DSB sites
(Bleuyard et al. 2012). Taken together, it seems that PALB2 needs MRG15, the
ChAM motif as well as oligomerization in order to localize to DSBs and to recruit
the BRCA2-RAD51 complex to damaged sites for the initiation of HR. However,
this issue needs further work to be fully understood.
Besides PALB2´s role in HR mediated DSB repair, recent reports have also
linked PALB2 to G2/M checkpoint maintenance and cellular redox homeostasis
regulation. Menzel et al. performed a siRNA screen to identify unknown G2
checkpoint regulators and demonstrated that both BRCA2 and PALB2 are the
main regulators for G2/M checkpoint maintenance following DNA damage
(discussed in more detail in chapters 5.2 and 6.2). Interestingly this new function
seems to be independent of HR (Menzel et al. 2011) as Ma et al. (2012) were able
to show that PALB2 can directly interact with KEAP1, an oxidative stress sensor
that binds and represses the master antioxidant transcription factor NRF2.
According to their study, PALB2 can effectively compete with NRF2 for KEAP1
binding, thereby promoting NRF2 accumulation, which lowers the amount of
cellular reactive oxygen species (Ma et al. 2012). It seems that PALB2 could be a
link between oxidative stress and the development of cancer and FA since it
seems to play a crucial part in pathways maintaining cellular redox homeostasis
and genomic instability.
PALB2 is a Fanconi anemia gene
Soon after PALB2 was discovered, biallelic pathogenic mutations were identified
in eight FA families, which identified PALB2 as a FA gene, named FANCN,
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causing FA subtype N (FA-N). FA-N patients have a typical disease phenotype
with growth retardation and variable congenital malformations (the FA phenotype
was described in more detail in chapter 2.4.2). However, the FA-N subtype is
associated with an unusually severe predisposition to pediatric malignancies; all
eight patients developed cancer in early childhood, including five
medulloblastomas, three Wilms tumours, two acute myelogenous leukaemias, one
neuroblastoma and one Kaposi form haemangioendothelioma (Reid et al. 2007,
Xia et al. 2007). The subtype and ages of onset for FA-N are very similar to FAD1, which is also characterised by a high risk of embryonal tumours (Alter et al.
2007). Interestingly, the FA-N and FA-D1 phenotypes differ greatly from the
other FA subtypes, in which a progressive bone-marrow failure pre-dominates,
often in advance of blood malignancies. This might indicate that PALB2 and
BRCA2 are more fundamental for the FA pathway than the other FA proteins, or
alternatively, that FA-N and FA-D1 define a distinct genetic, clinical and
functional entity. This latter possibility is supported by the fact that both PALB2
and BRCA2 have vital roles in HR repair and dysfunction in either of these
proteins leads to a fundamental defect in DSB repair, a feature that is not
consistent with other FA subtypes. Only in strictly isogenic genetic systems, do
disruption of some FA genes (like FANCC and FANCD2) result in very mild HR
repair defects. Moreover, even a knockout of FANCJ or FANCM does not lead to
HR repair deficiencies (Bridge et al. 2005, Mosedale et al. 2005, Niedzwiedz et
al. 2004, Patel 2007, Pellegrini & Venkitaraman 2004, Xia et al. 2006, Yamamoto
et al. 2005). The similarities between FA-N and FA-D1 phenotypes highlight even
further the functional relationship and importance of the association of these
proteins to maintain genomic stability.
2.8.2 RAP80
Receptor-associated protein 80, RAP80, was identified as a novel nuclear protein
that is expressed in many human tissues, but is most abundant in the testis and
ovary. In situ hybridization of mouse testis showed that RAP80 is expressed at
especially high levels in germ cells. RAP80 encodes a 719 amino acid protein
(~80 kDa) containing two nuclear localization signals and two ubiquitininteracting motifs (UIMs) at its N-terminus, and two zinc finger motifs at its Cterminus (Yan et al. 2007b, Yan et al. 2002). The schematic protein structure of
RAP80, known bind sites and interacting proteins are presented in figure 7.
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Fig. 7. Schematic protein structure of RAP80. RAP80 contains two nuclear localization
signals (NLS), one SUMO interacting motif (SIM) and two ubiquitin-interacting motifs
(UIM) at its N-terminus, as well as an ABRAXAS interacting region (AIR) and two zinc
finger motifs (ZFD) at its C-terminus. The interacting proteins are shown below the
region of RAP80 required for their association (lines). Modified from Sato et al. 2009,
Yan et al. 2007, Yan et al. 2002.

RAP80 was shown to repress basal transcription and to interact with the retinoidrelated testis-associated receptor (RTR), and therefore it was suggested to
function as a (co)-repressor in RTR signalling (Yan et al. 2002). Later, another
study showed that RAP80 also interacts with the oestrogen receptor alpha (ERα)
in an agonist-dependent way and functions as a modulator in ERα-dependent
transcriptional activity, since RAP80 expression was shown to enhance ERαmediated transcriptional activation by causing an increase in ERα protein levels.
A decrease in ERα polyubiquitination caused an increase in ERα levels that was
dependent on RAP80 (Yan et al. 2007a).
RAP80 in DSB repair
RAP80 was identified to be a BRCA1 associated protein. It interacts with the
BRCA1-A complex, which is abundant in the cell during M phase, but not with
the BRCA1-B complex that primarily occurs during S phase (Sobhian et al. 2007)
(see chapter 2.4.1 for BRCA1 complex classifications). Upon DNA damage,
RAP80 forms DNA damage foci that co-localize with those of BRCA1. Like
BRCA1, RAP80 translocates to the damage foci after a delay of 90–120 min,
which suggests that RAP80 is not a DNA damage sensor but a downstream
mediator of the DDR cascade. Additionally, RAP80 foci formation depends on
the presence of MDC1 and γH2AX. Interestingly, knockdown of RAP80 impaired
the formation of BRCA1 and BRCC36 foci, but not those of BRIP1, which
suggests that RAP80 might function in targeting the BRCA1-BARD1-BRCC36
complex (BRCA1-A) to DSB sites (Kim et al. 2007, Sobhian et al. 2007, Wang et
al. 2007, Yan et al. 2007b). RAP80 has been shown to actually be responsible for
localizing this BRCA1 complex to DSBs via its UIM domains. The UIMs of
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RAP80 were shown to bind polyubiquitin directly, especially K6- or K63-linked
ubiquitin chains. RAP80 has only a low affinity for K48-linked ubiquitin chains.
Moreover, these UIMs are required for the re-localization of RAP80 to DNA foci
after IR (IRIF), since mutant RAP80 lacking UIMs failed to localize to IRIFs.
Therefore, RAP80 targets the whole BRCA1-A complex to DSB sites through
recognition of K6- or K63 ubiquitin chains (Kim et al. 2007, Sobhian et al. 2007).
In fact, RAP80-BRCA1 interaction happens via ABRAXAS. ABRAXAS and
RAP80 were shown to bind directly via the N-terminal region of ABRAXAS and
the internal region of RAP80. ABRAXAS then links RAP80 to BRCA1 by
binding to the BRCT repeats of BRCA1 (Kim et al. 2007, Liu et al. 2007, Wang
et al. 2007). Overall, RAP80 is required for optimal HR repair of DSBs, since
RAP80 depleted cells showed impaired IR-induced Chk1 activation, which led to
defective G2/M checkpoint control. Thus RAP80 has a regulatory function in
DDR signalling by facilitating the recruitment of the BRCA1-A complex (see
chapter 2.4.1 for BRCA1 complex classifications) to the DSBs (Kim et al. 2007,
Sobhian et al. 2007, Wang et al. 2007, Yan et al. 2007b).
Recently RAP80 was also shown to possess a SIM (SUMO interacting motif)
domain that forms a tandem SIM-UIM-UIM motif at its N-terminus. The RAP80
SIM domain binds specifically to SUMO2/3 and both SIM and UIM domains
play important roles in recruiting RAP80 and the BRCA1-A complex to DSBs.
However, the actual target that the SIM domain of RAP80 binds to is still not
clear and needs further studies (Hu et al. 2012).
Interestingly, RAP80 is also phosphorylated on Ser205 by ATM in response
to IR treatment. This phosphorylation occurs within 5 min after the treatment,
which is much earlier than its accumulation at IRIF. Therefore RAP80 might have
a more general role in checkpoint control and repair of different forms of DNA.
However, whether this early phosphorylation has a specific regulatory function
has to be properly determined. RAP80 is also phosphorylated on the same site by
ATR and migrates to DNA damage foci in response to UV treatment, which
further supports the possibility that RAP80 plays a role in the response to
different types of DNA damage (Yan et al. 2008).
As discussed in chapter 2.7.1, the BRCA1-A complex plays a crucial role in
maintaining the balance between HR and NHEJ repair in response to DSBs.
Recently, RAP80 was shown to protect DSBs from excessive resection thus
suppressing HR and promoting NHEJ. Therefore, it may be actually RAP80 that
maintains the balance between these repair pathways. The binding of RAP80 to
ubiquitinated chromatin in response to IR driven DDR limits excessive end
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resection, and thereby favours NHEJ as a repair choice. Conversely, loss of
RAP80 leads to an increase in HR and SSA and a corresponding decrease in
NHEJ (Coleman & Greenberg 2011, Hu et al. 2011).
In addition, RAP80 has been shown to be a negative regulator of p53 activity
and a direct transcription target of p53 following DNA damage. RAP80 is able to
form a complex with p53 and increase HDM2-dependent polyubiquitination of
p53, which leads to its destabilization. The resulting RAP80-p53-HDM2 loop is
vital in controlling the level of p53 and its transactivation activities. Therefore,
this loop might have an important role in genome stability and oncogenesis (Yan
et al. 2009). Based on the role that RAP80 has in DDR, it is possible that
mutations in RAP80 that compromise BRCA1 function could predispose to cancer,
particularly to breast and ovarian cancers.
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3

Aims of the study

To date, approximately 70 % of the familial breast cancer cases cannot be
explained by any known predisposing factors. Therefore, it is predicted that a
majority of these cases could be caused by mutations in still unknown moderateand low-penetrance susceptibility genes, which together with the input of
environmental and epigenetic factors etc. predispose to breast cancer. It is also
suggested that there might still be additional high-penetrance susceptibility alleles
to be identified. Since the two major breast cancer susceptibility genes’ protein
products BRCA1 and BRCA2 function in maintaining genomic stability via the
DNA damage response, it is presumed that other genes involved in the same
pathways could be potential candidate genes for familial breast cancer
susceptibility. In this study PALB2 and RAP80 were evaluated as potential
candidate genes for hereditary predisposition to breast cancer, and particularly the
role of PALB2-deficiency in cancer development was analysed in more detail.
These genes were chosen because of their significant impact on BRCA1 and
BRCA2 function during DDR. The specific aims of each sub-study were:
1.

2.

To identify potential cancer predisposing mutations in the PALB2 gene and to
evaluate their involvement in female and male breast, prostate and colorectal
cancer susceptibility.
To determine the functional mechanisms behind the Finnish PALB2
c.1592delT founder mutation and to explain why it causes an elevated cancer
risk for its heterozygous carriers.

3.

To study the role of the PALB2 gene in mouse embryogenesis and to gain
more insight into its function and importance as a communicator between
BRCA1 and BRCA2.

4.

To explore whether germline mutations in the RAP80 gene are associated
with an increased susceptibility to breast cancer.
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4

Materials and methods

4.1

Subjects

4.1.1 Studies I and IV
Patients from 112–113 breast cancer families from northern Finland were
screened for germline mutations in the coding regions and exon-intron boundaries
of the PALB2 and RAP80 genes. The families originated from the geographic area
covered by the services of the Northern Ostrobothnia Health Care District. For
statistical analysis, one index patient from each family was selected according to
the youngest age of breast cancer onset. The studied families were categorized as
high- and moderate-risk families and the inclusion criteria and the number of
families are summarized in table 3.
Table 3. Inclusion criteria and a summary of the breast cancer families included in
studies I and IV.
Risk

Study (no. of families)

High

I (65)
IV (65)

Inclusion criteria
1. Three or more cases of breast cancer and/or
ovarian cancer in first- or second-degree relatives.
2. Two cases of breast cancer in first- or seconddegree relatives, of which at least one with early
disease onset (≤ 35 years), bilateral disease or
multiple primary tumours.

Moderate

I (48)
IV (47)

Total number of families

Two cases of breast cancer in first- or seconddegree relatives.

I (113)
IV (112)

All the high-risk families have previously been screened and found negative for
germline mutations in BRCA1, BRCA2, CHEK2 and TP53 genes (Allinen et al.
2001, Huusko et al. 1998, Huusko et al. 1999, Rapakko et al. 2001). The families
have also been screened for mutation in RAD50, MRE11 and ATM genes in
previous studies (Heikkinen et al. 2003, Heikkinen et al. 2005).
In addition, an unselected cohort of breast cancer patients was analysed.
These breast cancer patients were not selected for or against family history of
cancer and were collected from three different university hospitals in Finland.
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This cohort consisted of 503 (study IV) or 534 (study I) cases from Oulu, 888
cases from Tampere (study I) and 496 cases from Kuopio (study I). The blood
samples collected in Oulu were from breast cancer patients diagnosed either
between 1988–1994 or 2000–2004. The samples from Tampere were from breast
cancer patients diagnosed either between 1986–1994 or 1997–2000. The samples
from Kuopio were from breast cancer patients diagnosed during 1990–1995.
In study I prostate cancer, male breast cancer and colorectal cancer cohorts
were also analysed. The unselected Finnish prostate cancer cohort consisted of
475 patients diagnosed during 2000–2001. The familial prostate cancer cohort
(N = 164) was collected from all of Finland and the inclusion criteria were having
at least two affected family members (80 families had three or more affected
members). The colorectal cancer cohort (188 familial cases and 288 unselected
cases) was collected at Helsinki University Hospital during 1994–2002. Inclusion
criteria for the familial cases were malignancy in two or more first-degree
relatives. All of the familial cases had previously been studied for microsatellite
instability (MSI) and all positive individuals were screened for and had tested
negative for mutations in the MLH1 and MSH2 genes. The male breast cancer
cohort (N = 141) was collected from all available patients diagnosed in Finland
during 1967–1996.
The control cohort was from consecutive anonymous Finnish Red-Cross
blood donors originating from the same geographical region as the studied cases.
All control individuals were cancer-free at the time of donation of the blood
sample and there was no follow-up on donor health status. The age of the blood
donors was ≥ 40 years. Altogether 2501 (1765 females and 736 males) control
cases were analysed in study I, and the control cohort consisted of 325 female
control cases in study IV.
4.1.2 Study II
Altogether, eight female individuals carrying the PALB2 c.1592delT founder
mutation were analysed in this study. From these, six were breast cancer patients
and two were their healthy relatives representing two different families, which
were identified as PALB2 c.1592delT carriers in our previous study (Erkko et al.
2007). The samples of the breast cancer patients were collected at least three
years after the initial cancer diagnosis, with the exception of one patient who was
diagnosed in the same year that the sample was taken. Six healthy female
individuals were used as controls and from these, three were healthy family
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members from two of our patients’ families and three were independent controls.
In addition, samples from six healthy female individuals were used as controls in
chromosomal analysis, originating from our previous study (Heikkinen et al.
2006). All controls originated from the same geographical region as the carriers,
were age-matched and cancer-free at the time of donation. There was no followup on the health status of the controls.
4.1.3 Study III
A total of 451 C57BL/N6 mice, including wild-type mice and mice lacking the
Palb2 gene were used in this study. Chimaeric Palb2 knockout mice were
generated by inserting a gene trap clone CG0691 (Sanger Institute Gene Trap
Resource) into mouse blastocysts. Breeding of the chimaeric mice with
C57BL/N6 mice produced heterozygous (HE) Palb2(+/-) offspring carrying the
trapped allele. The insertion is located between exon 1 (E1) and exon 2 (E2) of
the mouse Palb2 gene. The gene trap contains a splice acceptor (SA) upstream of
the βGeo gene and trapping of the gene leads to the expression of a Palb2 Exon1β-Gal fusion protein. In order to locate the exact integration site of the gene trap
insertion, overlapping PCR amplicons compatible with a gene trap-specific 5´
reverse primer were designed to cover intron 1 of the Palb2 gene. The annealing
temperature was 60° for all primers. The sequences for the primers used are listed
in table 4. Direct sequencing revealed the exact integration site of the gene trap.
Table 4. Primers for gene trap localization.
Primer

Sequence

Local_1

5´TGATGCTTTTGGTTTGTGGA´3

Local_2

5´CTTTTGGGGGATAGCAGTCA´3

Local_3

5´AGCCTCTGGAAAACCCACTT´3

Local_4

5´ACAGCCAGGGCTACAGAGAA´3

Local_5

5´AAGACCCACGTTGGAACAAG´3

Homozygous (HO), HE and wild-type (WT) mice were identified by genomic
PCR where the WT allele produces a 720 bp PCR fragment and the mutant allele
a 560 bp PCR fragment. The structure of the Palb2 gene trap construct and
identification of HO, HE and WT mice is presented in figure 8.
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Fig. 8. A) Structure of the Palb2 gene trap construct. B) Identification of HO, HE and
WT mice.

All studies were carried out in a mixed genetic background (129/C57BL/N6, 1:1)
and the C57BL/N6 mice used as blastocyst donors were a gift from Charles River
laboratories (Wilmington, MA, USA). The mice were fed with a Soya-free diet
and were maintained in a specific pathogen-free state at the Central Animal
laboratory of the University of Turku.
Genotyping the chimeric mice
Genotyping was performed on DNA that was extracted from yolk sacs of E7.5E9.5 embryos or earmarks of 2-week-old mice. The methods for DNA extractions
are described in section 4.2. For genotyping, specific primers for the targeted
intronic sequence (WTs and WTa) and a primer from the gene trap (GTa) were
used to detect the WT and the mutant allele. Primer pair WTs/WTa amplified a
720 bp fragment in both heterozygote and WT DNA samples, whereas the primer
pair WTs/GTa amplified a 510 bp fragment in both Palb2(+/-) and Palb2(-/-) DNA.
The mutant allele was also identified by primers GTz and GTz2 that amplified a
680 bp internal segment of the Lac-Z reporter gene. Sequences for the primers
used are shown in table 5 and the genotypic distribution of the 451 chimaeric
mice is presented in table 9.
Table 5. Primer sequences for genotyping the chimeric mice.
Primer

Sequence

WTs

5´CTTTTGGGGGATAGCAGTCA´3

WTa

5´TTGTTGCTGCTGAGTTCCTG´3

GTa

5´AGTATCGGCCTCAGGAAGATCG´3

GTz

5´TTATCGATGAGCGTGGTGGTTATGC´3

GTz2

5´GCGCGTACATCGGGCAAATAATATC´3
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4.2

Methods (I-IV)

Detailed descriptions of the methods used in this thesis are presented in the
original publications, which are attached. Methods used in the original
publications are listed in table 6.
Table 6. Methods used in the original publications.
Method

Original publication

Blastocyst, fibroblast cell and lymphoblastoid cell culturing

I, II, III

Conformation sensitive gel electrophoresis and direct sequencing

I, IV

Cytogenetic analysis

II, IV

DNA extraction, total RNA extraction and cDNA synthesis

I, II, III, IV

DNA fibre assay

II

Etoposide and hydroxyurea treatments

II

Flow cytometry analysis

II

Homologous recombination DSB repair analysis

I

Immunofluorescence and Immunohistochemistry

I, IV

In situ hybridization

III

Laser-capture microdissection and allelic imbalance analysis

I, IV

Laser generated DNA DSBs

IV

Mitomycin C sensitivity test

I

Plasmid vectors

I, IV

Real-time Quantitative RT-PCR

III

Statistical and bioinformatics analyses

I, II, III, IV

Western blot and protein binding analysis

I, II, IV

4.3

Ethical issues (I-IV)

For studies I, II and IV, approval to investigate and collect biological specimens
and clinical information was obtained from the Ethical Board of the Northern
Ostrobothnia Health Care District (license no. 88/2999) and the Finnish Ministry
of Social Affairs (license no. 46/07/98), as well as from the Ethical Boards of the
University Hospital Health Care Districts. Family members were only contacted
with permission from the index patient and all patient and their family members
gave their informed consent. Results were for research purposes only and no
information on the outcome of ongoing studies was given to patients or their
family members. For study III, all experiments carried out with mice were
approved by the Finnish ethical committee for experimental animals (license no.
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2008-00142) and complied with international guidelines on the care and use of
laboratory animals.
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5

Results

5.1

PALB2 c.1592delT mutation predisposes to familial breast
cancer (I)

One hundred thirteen BRCA1/BRCA2 mutation-negative breast or breast-ovarian
cancer families from northern Finland were screened for mutations in the PALB2
gene and six exonic variants were found (Table 1 of study I). Four of these
changes were also seen at similar frequencies in controls, which suggest that they
are not cancer-associated. This was also supported by the results obtained from in
silico analyses done by PolyPhen, ESEfinder and NNSplice software. Whereas,
the c.1592delT alteration was discovered from three (2.7%) index cases but only
from six (0.2%) controls from the total of 2 501 analysed (P = 0.005; OR 11.3;
95% CI 1.8–57.8), which suggests that this alteration has a significant association
with cancer. The c.1592delT variant results in a frame-shift after Leu531, with a
new reading frame progressing for 28 codons before termination. In addition, one
alteration in exon 13, 3433G>C (G1145R), was detected from one index case but
none of the 971 controls studied. Three sequence alterations were also identified
in introns but none of them appeared to be cancer associated.
The potentially pathogenic variants c.1592delT and 3422G>C were analysed
functionally to determine whether their BRCA2-binding ability has changed, the
mutations cause HR-deficiency or affect the ability to restore crosslink repair in
PALB2-deficient cells. The c.1592delT mutation resulted in a truncated protein
product (PALB2-L531Fs) and had markedly decreased BRCA2-binding affinity
without affecting endogenous BRCA2 abundance upon transient overexpression.
PALB2-L531Fs also failed to support HR in PALB2 knockdown cells or to
restore crosslink repair after MMC-treatment in PALB2-depleted cells
underlining the functional importance of BRCA2-PALB2 complex formation and
indicating that c.1592delT is a genuine loss-of-function mutation. In contrast,
PALB2-G1145R appears to function normally since its ability to bind BRCA2
was not altered, it supported HR normally and could restore crosslink repair in
PALB2-deficient cells.
In addition, the PALB2 c.1592delT mutation was screened from Finnish
unselected breast cancers, unselected male breast cancers, colorectal cancers and
prostate cancers and these results are presented in Table 7. Information in table 7
is already published as a supplementary table 1 of study I.
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Table 7. The PALB2 c.1592delT mutation occurrence in different cancers.
Cancer type

Affected cases

Controls

Statistics

Unselected BC

0.9% (18/1918)

0.2% (6/2501)

P = 0.003 (OR 3.94; CL 1.5–12.1; NA)

Unselected male BC
Familial prostate cancer

- (0/141)

- (0/475)

NA

0.6% (1/164)

- (0/475)

NS (NA)

Unselected prostate cancer

- (0/475)

- (0/475)

NA

Familial colorectal cancer

- (0/188)

0.2% (6/2501)

NS (NA)

Unselected colorectal cancer

- (0/288)

0.2% (6/2501)

NS (NA)

BC breast cancer, NA not available, NS not significant, OR odds ratio, CI confidence interval (study I,
supplementary table 1).

Possible co-segregation of known Finnish BRCA1/BRCA2 mutations was tested
for 16 cases from 22 unrelated cancer patients identified (21 breast cancer and
one prostate cancer) heterozygous for PALB2 c.1592delT, but none was detected.
The average age of disease onset for c.1592delT carriers was 52.9 years (variation
39–73 years), which is slightly younger than the average age of onset for the
unselected breast cancer group (57.8 years, variation 23–95 years) but older than
those with Finnish BRCA1 (46 years, variation 32–57 years) and BRCA2 (48
years, variation 45–67 years) mutations (Sarantaus et al. 2000). The mutation was
also observed in six controls (0.2%, 6/2501), which suggests that the penetrance
of c.1592delT is incomplete. Nevertheless, most c.1592delT mutation positive
control individuals were relative young (five females aged between 27–51 years
and one male aged 28 years) when compared with the above-noted average age of
disease onset for affected mutation carriers. Therefore, the actual penetrance
might be higher than currently observed (study I). For the 18 unselected breast
cancer cases carrying the c.1592delT mutation, available records were analysed
for evidence of a positive family history and at least half of these families were
found to have an apparently heritable disease history. Interestingly, all breast
cancer families studied also showed other forms of cancer, including colorectal,
stomach, endometrial and pancreatic cancers and leukaemia. Segregation analysis
of the c.1592delT allele with regard to cancer incidence was attempted in three of
the breast cancer families studied but was not sufficiently informative to draw
meaningful conclusions because of a lack of DNA samples from suitable family
members. For the remaining families, the analysis was restricted only to the
affected index individual who initially displayed the c.1592delT allele. In addition,
segregation analysis was performed on the family of the mutation-positive patient
with prostate cancer. Other than the individual who died early at 52 years of age,
all male carriers developed prostate cancer by the age of 76 years and this
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indicates high penetrance for the c.1592delT mutation in the studied two
generations of this family.
LOH analysis was performed on six tumour sections of individuals
heterozygous for the PALB2 c.1592delT mutation, but no evidence of loss of
heterozygosity was observed. This result implies that these tumours were likely to
have been driven by haploinsufficiency, perhaps in combination with a dominantnegative effect of the truncated protein product. Also, immunohistochemistry was
performed on sections from the same six tumours noted above and from one
further sample. As a result, all except one revealed strong expression of the
oestrogen receptor and five of seven showed expression of the progesterone
receptor indicating that PALB2 tumours share the above phenotypic properties
with those generated by BRCA2 mutations (Borg 2001, Hedenfalk et al. 2003).
5.2

PALB2 c.1592delT mutation carriers display replication and
G2/M cell cycle checkpoint defects (II)

Lymphoblastoid cell lines from heterozygous carriers of the PALB2 c.1592delT
mutation and from their siblings and ancestry-match controls were established to
determine the functional impact of this Finnish founder mutation on DNA damage
checkpoint functions, DNA replication and genomic maintenance under normal
growth conditions and upon DNA damage. The cell lines studied are presented in
supplementary table 1 of study II. The average PALB2 protein levels were
determined by Western blot analysis of whole cell extracts derived from these
cells and found to be decreased to 54% in mutation carriers when compared to
controls (P = 0.00005, with a mean of 53.6%, SD = 10.0 for the carriers and
100%, SD = 17.9 for the controls, presented in figure 9 and partially in figure 1A
of study II).
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Fig. 9. PALB2 expression levels under normal growth conditions for heterozygous
PALB2 c.1592delT mutation carriers and healthy controls (study II, figure 1a).

During initial cell cycle distribution and checkpoint analysis of a subset of six
carrier cell lines, carriers generally incorporated larger amounts of the nucleotide
analogue ethinyl-deoxyuridine (EdU) during pulse labelling and had a smaller
fraction of S phase cells under normal growth conditions (supplementary figure
S1 of study II). Hence, our carriers seem to replicate their DNA faster than our
controls. For this reason, the specific effects of the heterozygous PALB2
c.1592delT mutation on replication origin firing and elongation were studied.
Under normal growth conditions, the carriers were found to have a moderate
decrease in mean replication origin rates when compared to controls (figure 1B of
study II, mean 1.04 kb/min for carriers and 1.11 kb/min for controls). However,
regularly incidences of closely spaced origins were seen in mutation carriers that
were largely absent in controls (figure 1C of study II). In fact, the mean interorigin distance is strongly reduced in carriers (42 kb compared to 62 kb in
controls, P = 0.0056, SD = 10.8 for the carriers and SD = 10.8 for the controls),
and also the mean frequency of origin firing (the fraction of origin events among
all fork structure in the fiber spreads) is nearly doubled (21.9 %, SD = 4.4 %
compared to 11.8 %, SD = 4.1 % in controls, P = 0.0009, Figure 1D of study II).
Since the ATR/Chk1 pathway has such a prominent role in the regulation of origin
firing, the expression of key factors involved in DDR and the FA pathways were
studied. ATM, Chk1, Chk1 phosphorylated at Ser345, the FANCD2 and RAD51
protein levels were expressed at the same level in both of our cohorts, whereas,
mean ATR levels were increased almost 3-fold in our carriers when compared to
controls (274%, SD = 114, compared to 100%, SD = 30, P = 0.0036, figures 2AB of study II).
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The S phase DDR was studied further by triggering DNA replication stress
with hydroxyurea (HU)-induced deoxynucleotide depletion treatment. In the
presence of 2 mM HU, cells from both cohorts showed a clear intra-S phase
checkpoint response (figure 2C and supplementary figure S2 of study II),
however, controls uniformly showed a rapid response already 30 minutes after
HU and some (albeit not all) carriers displayed a delay in the Chk1
phosphorylation. Hence, carriers reached on average only 52% (SD = 9.6) of the
maximum Chk1 phosphorylation at this time point compared to 66% (SD = 15.0)
in the controls, P = 0.0838, figure 2D of study II). When studying the recovery
from HU block for a carrier having a delay in Chk1 phosphorylation compared
with a control, the carrier showed a reduction in 1st order origins indicative of a
decrease or delay in fork restart and/or dormant origin firing, as well as a decrease
in origin firing after release from HU (supplementary figures S3A-C of study II).
In order to assess the DNA damage checkpoint response, cells were treated
with 0.5 µM of the topoisomerase II inhibitor (Etoposide, ET) to generate DSBs
and cell cycle distribution was determined to analyse DNA content, DNA
incorporation and phosphorylation of histone H3(Ser10) (supplementary figure S4
and supplementary table 2 of study II). G2/M cell cycle checkpoint activation was
already apparent six hours after ET treatment, and both G1/S and G2/M
checkpoints were enforced 24 hours after ET treatment, this was seen from the
decrease of the S/G1 and M/G2 ratios. After 24 hours of ET-treatment,
approximately 50% (4/8) of the carriers showed a G2/M leakage since they
displayed larger M/G2-phase ratios when compared to controls (supplementary
figure S4B and supplementary table 2 of study II). When studying the checkpoint
function further by analysing the Chk2 phosphorylation on Thr68 after ET
treatment, at least 63% (5/8) of the carriers were seen to have aberrant Chk2
phosphorylation when compared to controls (supplementary figure 5A of study II).
Already 30 min after the ET treatment carriers displayed a rapid and excessive
Chk2 phosphorylation (median 1701.3 for carriers and 114.5 for controls, see
ranges from figure 3B of study II of the average control levels, P = 0.0281). On
the other hand, the phosphorylation had been lost already five hours after the
treatment, when controls were maximally phosphorylated (median 55.0 for
carriers and 108.3 for controls, see ranges from figure 3D of study II, P = 0.0222,
figures 3A-D of study II). These results were further supported by fiber assay
analysis of origin firing, since carriers showed a strong reduction within 30 min of
ET treatment and an increase in origin firing immediately after removal of ET
(supplementary figure S5 of study II).
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To investigate whether a heterozygous PALB2 c.1592delT mutation also
caused genomic instability in its carriers in primary, untransformed cells,
cytogenetic analysis of peripheral blood T-lymphocytes from six carriers and nine
mutation negative age-matched healthy controls was performed. The carriers
showed a significant increase in the total number of spontaneous chromosomal
rearrangements (P = 0.018); both simple and complex chromosomal
rearrangements were seen more frequently in carriers than in controls (P = 0.0036
for both simple and complex). Telomeric associations were also seen, but only
among mutation carriers. The results from cytogenetic analyses are presented in
table 8 and figure 10, and data are also presented in table 1 of study II. All
observed chromosomal aberrations were considered random, since no preference
for a site-specific break or evidence for clonality was observed.
Table 8. Heterozygous PALB2 c.1592delT mutation carriers have a significant increase
in chromosomal aberrations when compared to healthy controls.
Aberration type

Mean number of chromosomal aberrations

P-value

observed per 100 metaphases
Carriers

Controls

Telomeric associations

0.65 (SE = 0.41)

-

0.328

Chromatid/chromosome breaks,

1.65 (SE = 1.07)

1.67 (SE = 0.49)

0.689

Simple chromosomal rearrangementsa

5.92 (SE = 2.19)

0.67 (SE = 0.33)

0.036

Complex chromosomal rearrangementsb

2.92 (SE = 1.76)

-

0.036

Total rearrangementsc

8.83 (SE = 3.75)

0.67 (SE = 0.33)

0.018

deletions

a

Inversions, ring chromosomes, translocations (≤3 break rearrangements)

b

Translocations, ≥4 break rearrangements and marker chromosomes

c

Simple + complex rearrangements

P-values were calculated by Mann Whitney U-test due to small sample size
SE, standard error
(study II, table 1)
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Fig. 10. Examples of observed chromosomal aberrations. Figures A and B each
represent one heterozygous PALB2 c.1592 delT mutation carrier and show the type of
aberrations listed in table 8 (study II, figure 4).

5.3

Inactivation of Palb2 gene leads to early embryonic lethality (III)

A Palb2 knockout mouse model was established to produce mice deficient in
Palb2 expression. The absence of Palb2 expression in the Palb2(-/-) (HO) mice
was confirmed by quantitative RT-PCR, as shown in figure 11. X-gal staining
indicated that Palb2 is broadly expressed in the mouse embryo, and high levels of
expression were seen as early as at E7.5 in the primitive streak. At E8.5 Palb2
expression was detected in the open neural folds both at the anterior and posterior
regions of the body, and the expression was ubiquitous (Figure 1 of study III).
Mice heterozygous (HE) for the Palb2 gene trap insertion were viable,
phenotypically like WT mice and lacked any macroscopic tumours by the age of
two years. No viable HO mice were identified indicating that in mice HO
inactivation of Palb2 results in embryonic lethality. At E7.5, HO embryos were
seen at the expected Mendelian frequency. However, resorptions and empty
conceptues were observed from this stage onwards. No live HO embryos were
seen beyond E9.5. The HO embryos expected by Hardy-Weinberg genotype
distribution, analysed at birth, deviated significantly from the normal distribution
(P = 0.006 for E9.5 and 11.5 embryos and P = 9.41 e-14 postnatal mice, table 9).

77

Table 9. Genotype distribution of the WT, HE and HO mice for the Palb2 gene trap.
Embryonic day

No. of mice

Genotype
+/+ (WT)

+/- (HE)

-/- (HO)

Absorbed

Deviation from HWE
1.00

E7.5

20

5 (26%)

11 (54%)

4 (20%)

-

E8.5

35

10 (29%)

18 (51%)

4 (12%)

3 (8%)

0.35

E9.5

157

49 (31%)

72 (46%)

8 (5%)

28 (18%)

0.006

E11.5

39

10 (26%)

21 (54%)

-

8 (20%)

0.006

Postnatal, 1 day

200

62 (31%)

138 (69%)

-

-

9.41 × 10−14

The embryos were collected on given embryonic days of pregnancy from Palb2 HE intercrosses and were
genotyped from the yolk sac of E7.5-E11.5 or earmarks of postnatal mice. Resorptions were not subjected
to genotyping analysis and hence not accounted for in the HWE analysis. HWE Hardy-Weinberg
equilibrium given as P-value (study III, table 1).

The morphology of the HO embryos differs from the HE and WT embryos
already at E6.5 and the histological analysis revealed that the HO embryos were
markedly smaller in size than their WT littermates. By E7.5 the difference in size
between WT and HO embryos was even more obvious (Figure 3 of study III). The
whole mount analysis revealed that only a poorly defined boundary between the
embryonic and extra embryonic regions was observed in HO embryos, in contrast
to the proper ectoplacental cone, primitive streak and head fold seen in the WT
embryos (Figure 4 of study III). From the histological analysis, it could be clearly
seen that the embryonic ectoderm of the HO embryos appeared with an increased
mass of cells, the embryonic cavities were not properly formed and the amnion
was missing. This was in contrast to WT embryos, which had a well-defined
anterior-posterior axis with a proper formation of the epiblast and the typical
structures for the mesodermal layer, ectoplacental cone, chorion, amnion and the
embryos had initiated gastrulation (Figure 3 of study III). At E8.5 the difference
in size between HO and WT embryos was further increased.HO embryos had
developed a head fold and a neural groove, and mesoderm formation and
patterning was initiated, as indicated by Lim1 expression, primitive streak-derived
tissue and extra embryonic tissue for head formation. But the mesoderm failed to
differentiate properly as the somite structures never formed. The expression of
sonic hedgehog revealed a notochord with diffuse and discontinuous morphology
and according to Brachyury expression, the HO embryos lacked proper tail-bud
structures and the notochord did not progress caudally. The HO embryos’
development seems to stop at E9.5 as no progression was seen after E8.5 and they
did not show proper organogenesis (Figures 4–5 of study III).
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The pre-implantation stage of development was also analysed and it seems
that lack of functional Palb2 does not affect this since the appearance of HO
blastocysts was normal. Nevertheless, 85% of these HO blastocysts presented
with impaired outgrowth of the inner cell mass in vitro, while only 25% of the
inner cell mass of the WT and HE blastocysts failed to grow (Figure 6 of study
III). These results are consistent with the growth retardation seen in the HO
embryos in vivo.
The expression of Brca1, Brca2, Rad51, p53, p27 and p21 was determined by
quantitative RT-PCR and no difference was seen in Brca1, Brca2, Rad51, p53, or
p27 expression levels between the HO and WT embryos. Interestingly, HO
embryos had a 6-fold increase in p21 expression (P = 0.002) when compared to
WT embryos, presented in figure 11, and this p21 overexpression associates with
the growth deficiency since overexpression of p21 has been shown to inhibit
proliferation of mammalian cells (Xiong et al. 1993).

Fig. 11. Expression of p21, p53, p27 and Palb2 in HO and WT embryos at E8.5. The
expression levels were analysed by quantitative RT-PCR and the data were normalised
to the expression of the mouse Ppia gene. n = 2–3 pools, each consisting of 4–6
embryos. NS not significant, ND not determined (study III, figure 2).
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5.4

RAP80 c.241-243delGAA mutation impairs BRCA1- mediated
DNA damage response (IV)

Screening of 112 BRCA1/BRCA2 mutation-negative breast cancer families from
Northern Finland for RAP80 mutations revealed 10 germline variations (Table 1
of study IV). Of the detected alterations two were in intron regions and eight were
in exon regions, of which one exonic variation was novel and seven had been
reported earlier (Akbari et al. 2009, Osorio et al. 2009, Novak et al. 2009). All
detected alterations were checked for potential splicing defects by NNsplice
software, but nothing abnormal was detected. ESEfinder 2.0 software was also
used to identify exonic alterations that fall within predicted exonic splicing
enhancer sequences and could therefore affect exonic splicing enhancer functions,
and the results from this in silico analysis are summarized in table 1 of study IV.
All except the novel variant were detected in similar frequencies both in
affected index cases and controls, which suggests that these mutations are not
cancer related. The novel alteration, c.241-243delGAA, was identified from one
patient (0.9%) who had been diagnosed with breast cancer at the age of 60 and
from one control individual (0.3%) (P = 0.45; OR 2.92; 95% CI 0.18–47.1).
Interestingly, the patient´s maternal aunt had also been diagnosed with breast
cancer at an unknown age, information regarding other family members and their
health status, however, was incomplete.
c.241-243delGAA leads to an in-frame deletion of one of the three
consecutive glutamic acid residues (delE81), a stretch of glutamic acid residues
that is evolutionarily conserved between all the vertebrate species tested (Figure
1b in study IV) and locates to a functionally important UIM1 domain of RAP80.
Since the RAP80 UIM1 domain is required for RAP80-BRCA1 complex
migration to ubiquitin (Ub) polymers at DSBs (Kim et al. 2007a, Sobhian et al.
2007, Yan et al. 2007b), the delE81 variation was functionally analysed to
determine whether its ubiquitin recognition at DSBs is deficient. RAP80 delE81
showed a greatly reduced, albeit detectable, K63-Ub binding and weaker, but still
present, DSB localization. These results suggest that the delE81 variant has
impaired, but not completely absent, DSB recognition function. However, RAP80
delE81 showed normal association with BRCA1 and other members of this
complex, ABRA1 and BRCC36, but the intensity of the BRCA1 and ABRA1 at
IRIFs were significantly reduced in RAP80 delE81-expressing cells. Hence, it
seems that RAP80 delE81 could function as a dominant-negative allele by
associating with known binding partners, yet largely failing to recognize DNA
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DSBs and to localize RAP80-ABRA1-BRCA1 complex to the damage sites. In
addition, cells expressing the delE81 mutation exhibited a significant increase in
chromosomal aberrations, presented in figure 12, of which a majority were sister
chromatid breaks. These cytogenetic abnormalities are characteristic of cells with
DSB repair deficiencies (Patel et al. 1998, Xu et al. 1999, Celeste et al. 2002, Lou
et al. 2006).

Fig. 12. Cells expressing RAP80 delE81 show an increase in chromosomal aberrations.
A) Metaphase spreads were prepared from asynchronously growing cells and
cytogenetic abnormalities per metaphase scored for each cohort in a blinded manner.
B) Quantification of detected cytogenetic abnormalities. Error bars represent s.e.m.
(study IV, figure 4).

The mutational status of RAP80 delE81 was also assessed from 503 unselected
breast cancer cases, which revealed one carrier (0.2%) who was diagnosed with
bilateral breast cancer at a relatively young age (39 and 41 years). The family
history of cancer for this patient is unknown. LOH analysis was performed on
available tumour specimens to test whether loss of the WT allele occurred in the
two mutation-positive patients. No evidence of loss of the normal RAP80 allele
was seen in either case.
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6

Discussion

6.1

PALB2 is a well-established breast cancer susceptibility gene (I)

PALB2 has emerged as a third major breast cancer susceptibility factor as
mutations in this gene have been detected worldwide in most familial breast
cancer cohorts tested. The percentage of PALB2 mutations is low; so far
deleterious mutations have been detected in various populations ranging from
1–2% of women with hereditary breast and ovarian cancer, which have been
found negative for BRCA1/2 mutations. However, one study from the USA found
that PALB2 mutations were detected as high as 3–4% (Bogdanova et al. 2011,
Cao et al. 2009, Casadei et al. 2011, Dansonka-Mieszkowska et al. 2010, Erkko
et al. 2007, Foulkes et al. 2007, Garcia et al. 2009, Hellebrand et al. 2011, Papi et
al. 2010, Rahman et al. 2007, Sluiter et al. 2009, Tischkowitz et al. 2007,
Tischkowitz & Xia 2010). Generally, it is considered that mutations in PALB2
increase the breast cancer risk 2- to 6-fold, however, a 19-fold increased breast
cancer risk has been reported for one alteration (W1038X) seen both in the UK
and Australia (Casadei et al. 2011, Erkko et al. 2008, Hellebrand et al. 2011,
Hollestelle et al. 2010, Rahman et al. 2007, Southey et al. 2010, Tischkowitz et al.
2012).
Most pathogenic PALB2 mutations identified to date are truncating frameshift
or nonsense mutations and are found from different parts of the gene with no hotspot areas. Even mutations affecting the C-terminus can be deleterious, for
example Y1183X in exon 13 abolishes the propeller structure of the C-terminus of
PALB2 and destabilizes the whole protein (Oliver et al. 2009, Reid et al. 2007).
The pathogenic PALB2 mutations, reported to date, are presented in table 10.
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Table 10. Reported pathogenic truncating mutations in PALB2.
Mutation

Country/Ethnicity

Cancer type

L531fs

Finland

Breast, prostate

Study
(Erkko et al. 2007)

G796X, A995fs,

UK,

Breast,

(Rahman et al. 2007, Reid et

W1038X, N1039fs,

W1038X also in Australia

Y1183 also in FA

al. 2007, Southey et al.

C77fs

Canada (Ashkenazi Jews,

Breast

(Tischkowitz et al. 2007)

Q775X

Canada (French Canadian)

Breast

(Foulkes et al. 2007)

2010)

Y1183X
French Canadian, other)
(young onset)
Q251X, Q350fs

China

Breast

(Cao et al. 2009)

(young onset)
K353fsX7

Spain

Breast

(Garcia et al. 2009)

V233fs

South Africa (whites)

Breast

(Sluiter et al. 2009)

(young onset)
R170fs

The Netherlands

Breast

(Adank et al. 2011b)

(male BC as index)
L451X

Italy

Breast

(Balia et al. 2010)

Y1183X

USA

Male BC

(Ding et al. 2011)

R753X

Italy

Breast

(Papi et al. 2010)

R170fs, E545X

Germany

Bilateral BC

(Bogdanova et al. 2011)

R414X, Q921X

Russia

Bilateral BC

(Bogdanova et al. 2011)

Q60RfsX7

Germany

Breast, ovarian,

(Hellebrand et al. 2011)

S168X,

Germany

Breast

(Hellebrand et al. 2011)

colon
R414X,D715EfsX2,
R753X,Q988X
Q66X, W1038X

Australia

Breast

(Wong et al. 2011)

S58fs, N1039fs,

USA

Pancreatic

(Jones et al. 2009)

Canada

Pancreatic

(Tischkowitz et al. 2009)

Europe

Pancreatic

(Slater et al. 2010)

R170fs

Poland

Ovarian

(Dansonka-Mieszkowska et

Y551X

USA

FA

R1086X
Deletion of exons 12
and 13
R414, R170fs,
N1039fs
al. 2010)
(Xia et al. 2007)

BC, breast cancer; FA, Fanconi anemia

In a similar manner, results of study I show that the PALB2 c.1592delT founder
mutation leads to a premature stop codon and results in a functionally defective
protein product. Based on this study, it is clear that the PALB2 c.1592delT
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mutation contributes significantly to both familial and unselected patient breast
cancer risk in Finland. The cumulative risk for this mutation was estimated to be
40% (95% CI 17–77) by the age of 70 years, which is comparable to the disease
risk calculated for mutations in BRCA2 (Erkko et al. 2008). Interestingly, the
PALB2 c.1592delT mutation was observed in 1% of unselected breast cancers,
which is quite a high occurrence when considering that the 19 most common
founder mutations in BRCA1/2 combined to account for 1.8% of unselected cases
in Finland (Syrjakoski et al. 2000). Cosegregation of PALB2 c.1592delT and
BRCA1/2 mutations was not detected in any of the 16 individuals tested for
PALB2 c.1592delT and BRCA1/2 mutations. However, most tested individuals
were only screened for the common Finnish BRCA1/2 founder mutations so we
cannot rule out the possibility of cosegregation with less common defects. In
addition, the age of cancer onset for PALB2 c.1592delT carriers seems to be
slightly lower than for breast cancer patients without this mutation and slightly
higher than for BRCA1/2 mutation carriers in Finland. However, these findings
were not statistically significant.
So far, all reported pathogenic PALB2 mutations cause truncations of the
protein. Missense variants could also predispose to cancer if the mutation
localizes to a functionally important domain of PALB2. For example, an alanine
change at position 1025 of PALB2 abolished PALB2 binding to BRCA2 and
therefore this kind of mutation could cause cancer (Oliver et al. 2009). In study I,
one rare missense variant, G1145R, in one of the WD40 domains of PALB2 was
observed. The WD40 domains of PALB2 bind directly to BRCA2 and RAD51.
This mutation was identified in a single breast cancer family but in none of the
971 controls. The family exhibits a markedly increased cancer predisposition,
especially for breast cancer. Unfortunately, the lack of suitable DNA samples
prevented completion of a proper segregation analysis in study I. In functional
studies, however, G1145R behaved like the WT PALB2 as neither BRCA2
binding nor HR capacity was affected. In addition, the bioinformatics and
functional analyses conducted in study I suggested that the G1145R variant does
not associate with cancer predisposition.
Large rearrangements in PALB2 have been observed only in one FA-N
individual with several family members who had cancer (Xia et al. 2007) and in
one breast cancer family (Blanco et al. 2012). Blanco et al. identified a large
deletion spanning from exon 7 to 11 of PALB2 in one breast cancer family and
this deletion segregated with breast cancer in this family, suggesting that large
genomic rearrangements in PALB2 may contribute to familial breast cancer.
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However, two other studies did not detect rearrangements in PALB2 (Ameziane et
al. 2009, Pylkäs et al. 2008). Hence, further research on the role of genomic
rearrangements in PALB2 and the risk that they may cause in terms of cancer
development are still needed.
PALB2 c.1592delT tumour characteristics
Several studies have shown that PALB2 mutated tumours resemble those mutated
in BRCA1 or BRCA2, since tumours in patients carrying PALB2 mutations are
mainly found to be ER+, PR+ or triple negative for ER, PR and HER2. However,
PALB2 tumors are also found to be ER+ and PR+, ER+, PR+ and HER2-, HER+
or triple negative (Blanco et al. 2012, Bogdanova et al. 2011, Borg 2001, Cao et
al. 2009, Foulkes et al. 2007, Garcia et al. 2009, Hedenfalk et al. 2003, Patel
2007, Pylkäs et al. 2008, Reid et al. 2007, Sorlie et al. 2003, Tischkowitz et al.
2007, Wong et al. 2011, Xia et al. 2007). In study I, all except one of the seven
tumours analysed (86%) were observed to have strong ER expression, and five of
seven (71%) showed expression of the PR, indicating that these tumours closely
resemble BRCA2 mutation derived tumours (Borg 2001, Hedenfalk et al. 2003).
However, since only a limited number of tumours were analysed in study I, more
extensive studies are needed to determine whether these expression patterns can
be used to distinguish PALB2 mutated tumours from sporadic ones. The vast
majority of PALB2 tumours seem to be infiltrating ductal carcinomas, whereas
some have been described to be infiltrating lobular carcinomas and tumours with
medullary features, in addition to premalignant ductal carcinoma and lobular
carcinoma in situ (Cao et al. 2009, Foulkes et al. 2007, Garcia & Benitez 2008,
Tischkowitz et al. 2007). In a similar manner, most tumours analysed in study I
were also infiltrating ductal carcinomas and appeared to be of relatively high
grade (mostly grade III). Indeed, more research is needed before more accurate
predictions of the tumour subtypes associated with PALB2 mutations can be made.
In study I, LOH was not observed in the breast tumours analysed. To date,
only two studies (Casadei et al. 2011, Garcia et al. 2009) have shown PALB2
tumours to exhibit loss of the WT allele and therefore the current opinion is that
haploinsufficiency and/or a dominant-negative effect of the truncated protein
product causes tumourigenesis in PALB2 mutation carriers. Another dysfunction
of PALB2 detected in sporadic breast and ovarian cancers was its expressional
silencing by promoter hypermethylation (Potapova et al. 2008). The regular allele
of PALB2 may be eliminated by promoter hypermethylation and also it is possible
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that truncated PALB2 mutants complex with the WT protein and disturb its proper
function. Potapova et al. (2008) found PALB2 hypermethylation in 8% (10/130)
of the studied breast and ovarian tumours and none of the normal tissues.
Interestingly, the frequency of BRCA1 hypermethylation in familial and sporadic
breast and ovarian cancers is similar to that of PALB2 (Esteller et al. 2000,
Esteller et al. 2001). Given the small sample size studied by Potapova et al. (2008)
further studies with larger cohorts of inherited breast and ovarian tumours are
needed. Other molecular changes may also cooperate with PALB2 deficiency in
cancer development and this is an extremely important aspect that warrants
further investigation.
Furthermore, it would be of great importance to find the second hit that is
needed to overcome the cellular threshold for tumour development in PALB2
mutation carriers in order to develop personalized therapeutic approaches.
Especially, since it seems that new effective targeted therapeutic options, like
synthetic lethality with novel PARP inhibitors, may not be suitable for those
PALB2 mutation carriers whose tumours are negative for LOH. PARP inhibitors
seem to kill tumour cells (not normal cells) only when both BRCA2 alleles are
missing or dysfunctional (Bryant et al. 2005, Farmer et al. 2005). This may
explain why the cells of heterozygous PALB2 c.1592delT mutation carriers, which
express on average 54% of the normal amount of PALB2 were not sensitive to
PARP inhibitors (unpublished data). Another explanation could be that LCLs are
not cancer cells. However, the effect of PARP inhibitors on cells lacking PALB2
expression completely is still not known and should therefore be addressed. If
synthetic lethality occurs in PALB2-/- cells, this could be a potential therapeutic
option for cancer patients whose tumours are showing LOH for PALB2. This
underlines the importance of analysing more PALB2 tumours so that all applicable
patients for this treatment option can be detected.
Suggestions for genetic counselling for CHEK2 c.1100delC in a clinical
setting, with targeted surveillance and medical follow up for mutation carriers,
have already been made (Narod 2010). Since, the prevalence of inherited PALB2
mutations in non-BRCA1/2 familial breast cancer patients is approximately the
same as the occurrence of inherited mutations in CHEK2 in a similar cohort
(Walsh et al. 2006), it would be worthwhile to assess the possibility of genetic
counselling for PALB2 as well, since the breast cancer risk associated with protein
truncating mutations in PALB2 appears to be greater than the risk associated with
CHEK2 c.1100delC. Especially, the PALB2 c.1592delT mutation should be
considered for inclusion in genetic counselling in a clinical setting with targeted
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surveillance as this mutation occurs in 1% of Finnish breast cancers and overall
increases the cancer risk 4–6 times for the carrier (Erkko et al. 2008). Therefore,
the mutational status for PALB2 c.1592delT should be assessed when a breast
cancer inheritanse pattern is suspected in the family, and especially all family
members of the PALB2 c.1592delT mutation carrier should be tested for this
mutation as it substantially increases the cancer risk. PALB2 c.1592delT mutation
carrier screening would enable early detection of breast cancer and allow
mutation carriers to participate in breast cancer follow-up. The early detection of
breast cancer development in turn would offer a better prognosis for the patient
since treatments could be started as soon as possible.
PALB2 c.1592delT mutation occurrence in other cancer types
In study I, the PALB2 c.1592delT mutation was also screened in 141 Finnish male
breast cancers, 639 prostate and 476 colon cancers. No carriers were identified
among male breast cancer or colon cancer patients. Hence, it seems that the
PALB2 c.1592delT mutation does not contribute significantly to male breast
cancer or colon cancer in Finland. This notion is further supported by the fact that
no male breast cancers were identified in any of the PALB2 c.1592delT carrier
families in study I. Interestingly, according to Rahman et al., the prevalence of a
truncating pathogenic mutation in PALB2 is higher in families with both male and
female breast cancers (6.7%) than in families with only female breast cancer (1%)
(Rahman et al. 2007). Supporting this observation, also Garcia et al. and Ding et
al. identified truncating PALB2 mutations in families with both female and male
breast cancer (Ding et al. 2011, Garcia et al. 2009). Together these studies suggest
that PALB2 might be important in male breast cancer. The association between
male breast cancer and PALB2 needs further study, since all the reported
observations were derived from analysis of just one family in each study and the
difference was not statistically significant. However, colorectal cancer patients
were observed in some of the PALB2 c.1592delT carrier families but the lack of
DNA samples from these family members prevented further analysis. Obviously,
other PALB2 mutations in Finnish male breast cancer and colon cancer cannot be
ruled out and they may affect the predisposition for these cancer types.
The PALB2 c.1592delT was also identified from one Finnish prostate cancer
family, where it had a high disease penetrance since all male carriers, except one
who died early at 52 years of age, from the two generations that were studied
developed prostate cancer by the age of 76 years. Supporting the present
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observation, Pakkanen et al. found two additional sporadic prostate cancer
patients carrying the PALB2 c.1592delT mutation suggesting that this mutation
may have a minor contribution to prostate cancer risk in Finland (Pakkanen et al.
2009). Subsequently, Tischkowitz et al. studied 95 familial prostate cancers for
PALB2 mutations and found only two novel alterations that were considered to be
non-pathogenic (Tischkowitz et al. 2008). Together with study I, these results
suggest that PALB2 mutations are unlikely to be common in familial prostate
cancer.
Three distinct studies have found a connection with familial pancreatic cancer
and PALB2 mutations (Hofstatter et al. 2011, Jones et al. 2009, Slater et al. 2010).
Hofstatter et al. and Slater et al. detected PALB2 mutations in 3–4% of familial
pancreatic cancers but not necessarily enriched in breast-pancreas families as one
would have expected (Hofstatter et al. 2011, Slater et al. 2010). One pancreatic
cancer patient was observed in a PALB2 c.1592delT carrier family of study I.
However, the lack of a DNA specimen from this pancreatic cancer patient
prevented determination of the PALB2 mutational status. Hence, it might be
worthwhile to consider whether PALB2 mutations should be included in genetic
counselling in a clinical setting, with targeted surveillance and medical follow up
at least in the populations where a connection with familial pancreatic cancer and
PALB2 mutations has been identified.
Interestingly, families carrying the PALB2 c.1592delT mutation also
displayed increased prevalence for stomach and ovarian cancers as shown in
pedigrees in study I. Dansoka-Mieszkowska et al. also found one truncating
PALB2 (R170fs) mutation in two Polish ovarian cancer patients. Together with the
observations in study I, these results suggest that PALB2 may be defective or
insufficient in some rare ovarian cancers. However, a possible contribution to
ovarian cancer development needs further elucidation (Dansonka-Mieszkowska et
al. 2010). Thus, it will be beneficial to assess the role of PALB2 mutations in
other cancer types especially since PALB2 is also identified to be a FA gene
(discussed in more detail in chapter 2.8.1).
6.2

On the mechanism of how PALB2 mutations cause
predisposition to breast cancer

The mechanisms behind cancer predisposing mutations are not well characterized
at a cellular level. The fact that deficiencies in DDR genes lead to genomic
instability and ultimately to tumour development is a well-reported characteristic
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for hereditary cancers (rev. in Negrini et al. 2010). But what are the molecular
mechanisms behind these mutations in DDR genes that actually cause a normal
cell to accumulate all the mutations necessary for its transition to a cancer cell?
Given the fact that in inherited cancers, germline mutations are present in every
cell of the patient´s body, it is extremely important to characterize the deficiencies
these mutations cause at the cellular level. Especially since they could represent
new targets for therapeutic approaches in cancer treatments.
In study II, lymphoblastoid cell lines from breast cancer patients carrying the
heterozygous PALB2 c.1592delT mutation and expressing only 54% of the normal
PALB2 expression were found to be defective in normal replication and DDR
checkpoint functions when compared to healthy controls, which suggests a
mechanism for early cancer development for these mutation carriers. Already
under normal growth conditions the carriers exhibited a minor, although not
statistically significant, decrease in replication elongation rate. However, they
show a significant decrease in inter-origin distance as well as a significant
increase in replication origin firing that indicate these mutation carriers exhibit
excessive origin firing. This phenotype resembles observations in CHO (Chinese
hamster ovary) cells deficient for BRCA2, XRCC2 or RAD51 functions, where
the loss of HR severely reduced the replication fork rate compensated by an
increased origin firing (Daboussi et al. 2008). Interestingly, after inducing more
replication stress (2 mM HU) in the cells, the PALB2 c.1592delT carrier cells
displayed a slight delay in their intra-S phase checkpoint activation as the Chk1
phosphorylation on Ser345 was somewhat delayed after the HU treatment when
compared to controls. Moreover, when the recovery from the HU block was
examined in one slowly responding carrier and one control cell line, the carrier
displayed a reduction in 1st order origins indicating a decrease or delay in fork
restart and/or dormant origin firing as well as a decrease in origin firing after
release from HU. This further suggests that the unperturbed PALB2 c.1592delT
carrier cells are truly having high levels of replication stress, which lead to
excessive amounts of origin firing. Therefore, it seems that these carriers exhaust
part of their capacity to recover from replication stress during normal growth and
cannot cope with the extra replication stress at the same levels as the healthy
controls. Since PALB2 has such a prominent role in regulating RAD51 activity, it
is possible that the PALB2 c.1592delT carriers have a reduced ability to utilize a
RAD51-dependent restart of stalled replication forks and therefore have to rely
more on the activation of dormant origins (Petermann et al. 2010). A recent study
by Schlacher et al. showed that BRCA2 has a role in protecting newly replicated
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strands at stalled forks from degradation and that this function is distinct from its
HR function, yet was critical in maintaining genomic stability when replication
stress was induced by HU. They proposed that BRCA2-deficient cells are
particularly vulnerable to oncogene activation for the generation of chromosome
aberrations leading to tumourigenesis, as replication stress occurs with oncogene
activation (Schlacher et al. 2011). Hence, it could be possible that newly
synthesized DNA is degraded at some of the replication forks in PALB2
c.1592delT carrier cells and this is compensated by firing new origins.
Considering that DNA replication forks were moving slightly slower in these
carrier cells, there appears to be at least some degree of stalling at replication
forks during normal growth. Therefore, the observed replication defect could
partly explain why these mutation carriers are at higher risk for developing cancer.
The ATR pathway regulates replication timing, normal S phase progression
and restricts the overall levels of origin firing during normal S phase, hence
inhibition of this pathway increases origin firing (Maya-Mendoza et al. 2007,
Petermann & Caldecott 2006, Petermann et al. 2010, Shechter et al. 2004,
Syljuasen et al. 2005). Oncogenic stress has been shown to cause increased
reliance on ATR function. It possibly generates circumstances that increase the
frequency of replication uncoupling, which in turn leads to an increased need for
ATR, as ATR is known to stabilize uncoupled replication forks. The direct cause
of such replication fork uncoupling events under oncogenic stress also includes
premature origin firing, as well as altered origin density and placement (Gilad et
al. 2010, Paulsen & Cimprich 2007, Schoppy et al. 2012). In study II, the
unperturbed PALB2 c.1592delT carrier cells were shown to exhibit an at least 3fold increase in ATR expression, when compared to controls. Given that carriers
are experiencing excessive amounts of origin firing during normal growth it is
possible that the cells limit this by overexpressing ATR. Thus, ATR
overexpression might be a compensating mechanism for carrier cells, especially
when taking into account that ATR is crucial when a cell is going through
oncogene-induced replication stress.
In study II, PALB2 c.1592delT mutation carriers were also shown to have a
maintenance defect in their G2/M checkpoint upon DNA damage, since a
considerable proportion of the carrier cells entered into mitosis prematurely when
compared to healthy controls. Further supporting this finding, the carriers were
found to have an aberrant Chk2 phosphorylation on Thr68, which is the
prominent phosphorylation site of Chk2 phosphorylated by ATM in response to
DSBs (Reinhardt & Yaffe 2009). Following DNA damage after 0.5 µM ET
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treatment, the carriers showed a significant over-response in Chk2
phosphorylation already after 30 min. Therefore, their G2/M checkpoint must be
functional. However, after five hours in the presence of low doses of ET, carriers
had already a significantly lower level of Chk2 phosphorylation when compared
to healthy controls, demonstrating that carriers are not able to sustain the G2/M
checkpoint. This appears to be the actual reason why carrier cells are able to enter
into mitosis prematurely. A similar phenomenon was also seen when studying
origin firing in the presence of ET; PALB2 c.1592delT carriers showed a strong
reduction within the first 30 min of ET treatment and in contrast, a clear increase
in origin firing after the removal of ET consistent with the described checkpoint
maintenance defect in PALB2 c.1592delT carriers. In line with this finding,
Menzel et al. demonstrated that the BRCA pathway is involved in maintaining the
G2/M checkpoint function upon DNA damage, PALB2 and BRCA2 being the
main regulators of G2/M checkpoint maintenance following DNA damage. They
showed that both BRCA2 and PALB2 depleted cells recover from G2 arrest too
early and enter into mitosis prematurely (Menzel et al. 2011).
Genomic instability is a general characteristic of cancer, especially in
hereditary cancers, and has been linked to mutations in DDR genes (Negrini et al.
2010). Currently favoured models for early stages of cancer progression suggest
that activated oncogenes induce genomic instability due to stalling and collapse of
DNA replication forks and subsequent formation of DNA damage (Halazonetis et
al. 2008). Indeed breast cancer patients carrying the heterozygous PALB2
c.1592delT mutation were shown to have a significant increase in chromosomal
instability as both simple and complex rearrangements were found more
frequently from these patients’ primary lymphocytes than in healthy controls, as
presented in study II. Hence, these data provide strong evidence that mechanisms
of genome destabilisation similar to those revealed in the heterozygous
lymphoblastoid cell lines are also operational in primary tissues of the carriers.
Based on the present study, it seems that the Finnish founder mutation, PALB2
c.1592delT, causes a haploinsufficiency phenotype in the cells characterized by
an excessive amount of origin firing under normal growth conditions and a G2/M
checkpoint maintenance problem upon DNA damage. These defects together then
cause elevated chromosomal instability in the mutation carriers. These
observations provide a mechanism for the early stages of breast cancer
development in PALB2 c.1592delT carriers, and this could also be a model for
other cancers, especially those that are linked to deficiencies in DDR like BRCA1
and BRCA2. Furthermore, Bartek et al. introduced a “conditional
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haploinsufficiency” model to explain how inherited heterozygous defects in DDR,
like the PALB2 c.1592delT, may predispose to cancer. According to this concept,
the reduced dose of a DDR factor in an affected carrier may be sufficient in
normal tissue but not enough for the appropriate response for the increased DNA
damage load in a pre-malignant lesion (Bartek et al. 2007), further supporting the
mechanism presented here. In addition to this, other tumour suppressor genes
have also been found to exhibit haploinsufficiency where a mutation of a single
allele that causes a deficient protein product and leaves only one copy of the
functional gene is not sufficient for the proper function of the gene. Tumour
suppressor genes displaying haploinsufficiency have been identified in many
human cancers such as p53, PTEN, NF1, p27, SMAD4 and LKB1 (rev. in Berger
& Pandolfi 2011). Recently Konishi et al. showed that an inactivating mutation of
a single BRCA1 allele leads to haploinsufficiency in human breast epithelial cells,
which resulted in genomic instability and further supports the results presented in
study II (Konishi et al. 2011). BRCA2 may also exhibit haploinsufficiency and/or
dosage effects as primary breast and ovarian cells from patients with
heterozygous germline mutations of BRCA2 have altered mRNA profiles
compared to BRCA wild-type individuals. This suggests that single mutations in
this gene can confer phenotypic differences that could impact on breast/or ovarian
tumourigenesis. This has also been observed in heterozygous BRCA1 mutation
carriers (Bellacosa et al. 2010).
Under circumstances in which ATR is overexpressed in PALB2 c.1592delT
carrier cells as a compensating mechanism, it would be of great interest to study
whether ATR-inhibitors could cause synthetic lethality of the tumour cells of
PALB2 c.1592delT carriers as this might be a new approach to targeted therapy of
these cancers. In addition, if the mechanism behind the cancers of BRCA1 and
BRCA2 mutation carriers is the same as proposed here, then even a larger number
of patients would benefit from the same targeted therapeutic approaches, which
underlines the need to determine whether this mechanism actually could be a
model for other cancers as well.
6.3

Palb2 gene plays an important role in early mouse
embryogenesis (III)

After the identification of BRCA1 and BRCA2 as breast cancer predisposing genes
researchers set out to develop mouse models for the associated disease, aiming to
solve in more detail the function of these genes in both development and
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tumourigenesis. Several groups have generated a range of conventional Brca1/2
knockout mice with mutations in different portions of the genes. Unexpectedly,
none of these models showed a strong tumour predisposing phenotype in
heterozygous settings. However, in homozygous settings these models displayed
severe, embryonic lethal phenotypes (rev. in Evers & Jonkers 2006).
Conventional mouse models, where most of Brca1/Brca2 is deleted, are presented
in table 11.
Table 11. Conventional Brca1 and Brca2 knockout mouse models.
Model

Mutant transcript

Lethality

Study

Brca1ex2

ex1

E7.5

(Ludwig et al. 1997)

Brca15-6

ex1-3*

E7.5

(Hakem et al. 1996)

11-

Brca1

ex1-10 + 12-24 (Brca1-∆11) E7.5-9.5

(Shen et al. 1998)

Brca1∆223-763

ex1-10 + 12-24 (Brca1-∆11) E10-13.5

(Gowen et al. 1996)

Brca1ko

ex1-5´part of ex11*

E7.5-8.5

(Liu et al. 1996)

Brca1Tr

ex1-5´part of ex11*

Partly viable

(Ludwig et al. 2001)

Brca11700T

ex1-5´part of ex20*

E10.5

(Hohenstein et al. 2001)

Brca2-

ex1´5part of ex10

E8.5-10.5

(Bennett et al. 2000, Suzuki et al. 1997)

Brca2Brdm1

ex1-10

E7.5

(Sharan et al. 1997)

Brca2ex11

ex1-5´part of ex11

E8.5

(Ludwig et al. 1997)

Brca2tm1Cam

ex1-5´part of ex11

10% viable

(Friedman et al. 1998)

Brca2tm1Mhun

ex1-5´part of ex11

E8.5-9.5

(Yan et al. 2004)

Brca2Tr2014

ex1-5´part of ex11

~20% viable

(Connor et al. 1997)

Brca2Lex2

ex1-5´part of ex 26

E8.5

(Donoho et al. 2003, Morimatsu et al. 1998)

*

Transcript contains a premature stop codon resulting from a frame shift.

As seen from table 11, various Brca1/2 mouse models display large phenotypic
variation. However, all embryonic lethal models display similar developmental
defects, such as ICM growth defects in blastocyst cultures, mesoderm formation
and/or differentiation and growth and/or cell proliferation defects, which have
been considered to be the reason why these models are lethal at such an early
stage of development in homozygous settings. Some models are additionally
characterized by hypersensitivity to γ-irradiation, chromosomal abnormalities and
neural tube abnormalities (Bennett et al. 2000, Connor et al. 1997, Donoho et al.
2003, Friedman et al. 1998, Gowen et al. 1996, Hakem et al. 1996, Hohenstein et
al. 2001, Liu et al. 1996, Ludwig et al. 1997, Ludwig et al. 2001, Morimatsu et al.
1998, Sharan et al. 1997, Shen et al. 1998, Suzuki et al. 1997, Yan et al. 2004).
Similar to Brca1/2 knockout mouse models, homozygous inactivation of Palb2
results in an embryonic lethal phenotype where embryos die at or before E9.5 as
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shown in study III. The Palb2 deficient embryos were found to be abnormal as
early as E6.5, and by E7.5 all embryos were developmentally retarded. Palb2
deficient embryos were much smaller in size already at E6.5 and the size
difference between WT and HO embryos increased over time. They initiate
gastrulation at E7.5, but the proper formation of embryonic cavities is disrupted
and the amnion is missing as is reported for Brca1/2 deficient embryos (Hakem et
al. 1996, Suzuki et al. 1997). Like embryos lacking Brca1/2, HO Palb2 embryos
showed a severe cell proliferation defect as they were not able to grow in vitro,
their blastocysts’ ICM failed to grow in blastocyst cultures and they had a
significant overexpression of p21, which has been shown to inhibit proliferation
in mammalian cells (Xiong et al. 1993). Furthermore, homozygous inactivation of
Palb2 leads to a mesoderm differentiation defect as their notchordal mesoderm
remained diffuse and displayed an interrupted pattern. Their paraxial mesoderm
also remained undifferentiated, which was indicated by the lack of somite
formation. What is more, no epithelialization of the paraxial mesoderm was seen
nor was heart formation observed, which speaks further for a failure in mesoderm
organogenesis in the Palb2 HO embryos. This has previously been described for
Brca1/2 deficient embryos (Hakem et al. 1996, Suzuki et al. 1997). Therefore, it
seems that the Palb2 deficiency results in embryonic lethality, like Brca1/2,
because of a cell proliferation defect after gastrulation and a defect in the
differentiation of mesoderm-derived structures, which is essential for further
embryonic development.
Like heterozygous Brca1/2 knockout mice, heterozygous Palb2 knockout
mice were viable, fertile, and did not develop tumours in any of the organs
analysed (mammary, kidney, heart, adrenals, lungs, liver, intestinal, spleen, brain,
ovary, testis, epididymis and prostate) as shown in study III, and these mice were
followed up until the age of two years (unpublished data). Recently, Bouwman et
al. reported a similar Palb2 knockout mouse model with the same kind of results
as presented in study III. Additionally, they tried to induce tumourigenesis in
heterozygous Palb2 knockout mice in a p53-deficient background but found no
evidence for Palb2 haploinsufficiency in suppressing tumourigenesis as only
haemangiosarcomas and thymic lymphomas were observed in heterozygous
Palb2 mice in a p53-deficient background. In addition, these Palb2 heterozygous
lymphomas were euploid and did not contain more translocations or copy number
changes than the WT tumours. However, they were able to show that the p53
knockout delays the embryonic lethal phenotype for Palb2 homozygous embryos
since the Palb2 deficient embryos in a p53-deficient background died a few days
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later than Palb2 deficient embryos in a WT background as they were able to form
mesoderm-derived structures, like heart muscle (Bouwman et al. 2011) Again,
similar results for Brca1/2 deficient embryos in a p53-deficient background have
been reported (Hakem et al. 1997, Ludwig et al. 1997). In human BRCA1/2associated breast tumours TP53 is more frequently mutated than in sporadic cases,
which suggests selective pressure for loss of p53 in the absence of BRCA1/2
(Greenblatt et al. 2001, Holstege et al. 2009). According to Bouwman et al., the
ablation of p53 alleviates the embryonic phenotype of Palb2 knockout mice,
suggesting a similar requirement for TP53 mutation in BRCA1/2- and PALB2associated tumours.
The main difference between the phenotypes of conventional Brca1/2
knockout mouse models is that some gave rise to viable homozygous Brca1/2
knockout mice, which were found to be tumour-prone. Nevertheless, these
models were biased towards lymphoid and sarcomatoid tumours as mammary
tumours were present only in a minority of the mice. This has been seen
especially when the Brca1Tr/Tr mice were crossed onto a p53 background
(Cressman et al. 1999, Ludwig et al. 2001). In addition, few studies have shown
survival for conventional Brca2 knockout mice and interestingly all these viable
animals had increased tumourigenesis towards thymic lymphomas (Connor et al.
1997, Friedman et al. 1998). Given that most conventional Brca1/2 knockout
mice are embryonic lethal and heterozygous mice are not tumour prone,
conditional models with mammary gland-specific deletion of Brca1/2 have been
created with or without co-deletion of p53. Few conditional knockout models for
BRCA1-related breast cancer have been reported to resemble closely the
pathology of the human disease (rev. in Michalak & Jonkers 2011). For some
reason, creating conditional knockout models for BRCA2-related breast cancer
has turned out to be difficult. A few studies have been reported where conditional
Brca2 knockout mice succumb to non-metastatic mammary carcinomas or
adenosquamous carcinomas after continuous mating. The latency period was also
relatively long (~1.4–1.6 years) in these models. This latency was significantly
reduced in a p53 heterozygous background, which also caused a dramatic shift in
the tumour spectrum as combined tissue-specific inactivation of both Brca2 and
p53 resulted in highly efficient mammary tumour formation (rev. in Evers &
Jonkers 2006). Regardless, conditional Brca1/2 knockout mouse models have
proved to be an extremely important tool to study BRCA-associated breast
cancers and to test novel therapeutics and tumour prevention strategies. Therefore,
it would be of great importance to create PALB2 tissue-specific knockout mouse
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models to generate PALB2-related tumourigenesis, which would provide more
information on how PALB2-deficiency induces cancer development.
According to study III and Bouwman et al., Palb2 has an extremely important
role in early mouse embryogenesis and is essential for cell proliferation and
mesoderm differentiation (Bouwman et al. 2011). As shown in study III, defective
Palb2 function during early embryonic development results in insufficient cell
proliferation, which might originate from the accumulation of DNA damage, and
failure of mesoderm differentiation. Together these defects eventually lead to the
death of homozygous Palb2 knockout embryos. Given that no study so far has
been able to show that PALB2 is a haploinsufficient tumour suppressor, it would
be of great importance to generate conditional Palb2 knockout mouse models
and/or human-in-mouse models for Palb2 deficiency to gain more insight into the
role of PALB2 mutations in FA and PALB2-associated breast cancer. Furthermore,
results from such studies might have important consequences for tumour
treatment strategies in PALB2 mutation carriers if they could confirm that PALB2
truly is a haploinsufficient tumour suppressor also in mice. Additional studies
regarding whether a second hit is needed in PALB2 mutation carriers for a cancer
to occur, in agreement with Knudson´s two-hit theory, would be valuable
information for developing targeted therapeutic approaches to patients carrying
mutations in PALB2.
6.4

Germline mutations in RAP80 abrogate DNA double-strand
break repair function and may be involved in cancer
predisposition (IV)

Subsets of breast cancers are associated with germline mutations in BRCA1 and
BRCA2 genes. However, a majority are sporadic malignancies and do not have
mutations in these genes. Therefore, it has been hypothesized that mutations in
other functional partners in the BRCA pathway could account for a subset of
breast cancers lacking BRCA1/2 mutations. Indeed, this hypothesis has been
partially proved by identifying cancer-associated mutations in BRCA1/2 partners,
such as BRIP1, PALB2, RAD51 and ABRAXAS (Cantor et al. 2001, Erkko et al.
2007, Kato et al. 2000, Solyom et al. 2012, Wong et al. 2011). However, it
remains unclear whether mutations in additional partners, other than ABRAXAS,
of the BRCA1-A complex are associated with tumourigenesis, since no cancerassociated mutations have been found for MERIT40 (Solyom et al. 2010),
BRCC45, or BRCC36 genes to date. A few investigations on the occurrence of
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RAP80 mutations in breast cancer families have been conducted where no cancerassociated mutations were found (Akbari et al. 2009, Novak et al. 2009, Osorio et
al. 2009). In contrast, a loss of function mutation in RAP80, RAP80 delE81, was
identified from two breast cancer patients in study IV. Interestingly, one
heterozygous delE81 carrier, diagnosed with breast cancer at age 60 years, had a
moderate familial background for breast cancer but unfortunately the segregation
of the RAP80 delE81 mutation with regard to the cancer incidence was not
possible to analyse due to a lack of DNA samples from relatives. The other
RAP80 delE81 carrier had been diagnosed with bilateral breast cancer at
relatively young ages (39 and 41 years) but unfortunately the family history of
cancer for this patient remained unknown. In addition, a RAP80 delE81 mutation
was identified in one 49-year old control individual. However, it is possible that
this individual was too young to express the disease phenotype when donating the
DNA specimen. Indeed, the majority of germline BRCA1/2 mutation carriers
display cancer phenotypes only after the age of 50 (King et al. 2003).
The identified variant, RAP80 delE81, localized to a functionally important
UIM1 domain of RAP80, which has already proved to be crucial for localizing
the whole BRCA1-A complex to the DSBs (discussed in more detail in chapter
2.8.2). More importantly, this variant has a reduced capacity to bind K63-linked
ubiquitin and to localize to IRIF & laser-induced DSBs, suggesting that the
diminished ubiquitin binding leads to a decrease in RAP80 delE81 retention at
sites of damage, as shown in study IV. This variant also seems to act as a
dominant-negative allele since it does not interfere with RAP80´s ability to
interact with its known binding partners but fails to recruit the whole BRCA1-A
complex to the sites of DNA damage. This may partially explain why LOH was
not seen in the mutation carrier’s breast tumours, as shown in study IV.
Furthermore, if RAP80 delE81 indeed acts as a dominant-negative allele, then
cells expressing this variant may have deficiencies in DDR, owing to impaired
recruitment of BRCA1, and should display chromosomal abnormalities, since this
has been shown for BRCA1/2 deficient cells (Patel et al. 1998, Xu et al. 1999).
Accordingly, cells expressing the RAP80 delE81 variant exhibited a significant
increase in sister chromatid breaks, indicating that DSBs are not repaired with the
same fidelity as in the WT expressing cells, as shown in study IV. These results
strongly support the importance of DSB-linked ubiquitin recognition by the
RAP80-BRCA1 complex for the maintenance of genome integrity and hence, the
RAP80 delE81 allele may represent a new alternative mechanism of disrupting
BRCA1 DSB repair function in tumourigenesis. Interestingly Strauss et al.
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showed recently that MDC1 interacts with RAP80 via its UIMs and that this
association is involved in the recruitment of the whole complex to the DSBs.
They proposed a model where upon DNA damage a fraction of MDC1, which is
not bound to RAP80, is recruited to DSBs where it binds to γH2AX as discussed
in chapter 2.7.1, and another fraction of MDC1 is bound to RAP80´s UIMs
promoting the recruitment of this complex to the sites of damaged DNA.
Supporting the results presented in study IV, Strauss et al. showed that the RAP80
delE81 mutation also impairs the RAP80-MDC1 interaction further
demonstrating the importance of these UIM-domains to the function of RAP80 in
DDR (Strauss et al. 2011). To establish the importance of RAP80 in maintaining
genomic stability even further, Wu et al. and Yin et al. generated Rap80 knockout
mouse models. Wu et al. found that Rap80-deficient mice were prone to B-cell
lymphomagenesis, hypersensitive to IR and had impaired BRCA1-A complex
foci formation upon DNA damage (Wu et al. 2012). Yin et al. showed that
Rap80-deficient mice were more susceptible to spontaneous lymphoma
development and the development of DMBA-induced mammary gland tumours,
and that the loss of Rap80 accelerated tumour formation in both p53-/- and p53+/mice. Yin et al. also showed that mouse embryonic fibroblasts and thymocytes
derived from Rap80-deficient mice were more sensitive to IR than WT mice (Yin
et al. 2012), results similar to those of Wu et al. Therefore, both of these studies
support the findings presented in study IV.
As shown in study IV, the prevalence of the RAP80 delE81 mutation in the
breast cancer cohort was not statistically significant. However, this is likely
because of a combination of extremely low allele frequency and an incomplete
disease penetrance. The mutation carriers were found to originate from the same
limited geographical region of northern Finland and if the affected site represents
a mutational hotspot, it would be expected to occur in other geographical settings
as well. Hence, studies in additional populations are needed to understand the
prevalence of this allele in other locations. Further insight into the occurrence of
the RAP80 delE81 mutation in breast cancer is needed in order to establish
whether carriers of this mutation would benefit from genetic counselling in
clinical settings. In total, the present study underscores the importance of both
ubiquitin signalling and recognition in DDR and maintenance of genomic stability,
and further supports the hypothesis that BRCA1/2 interacting partners represent
potential cancer predisposing factors and their role in tumourigenesis should be
studied in more detail.
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Taken together, RAP80 has been shown to play a crucial roles in DDR and in
the maintenance of genome integrity, and mutations in RAP80 may be associated
with cancer predisposition, as shown in study IV. Interestingly, a truncating
mutation of RAP80, RAP80 c.1107G>A, was recently identified in one ovarian
cancer cell line (TOV-21G). The ovarian cancer cell line was found to be a
RAP80-null cell line, due to the monoallelic mutation of RAP80 and promoter
hypermethylation, which silences the expression of both alleles. The cell line also
displayed similar deficiencies in BRCA1-A foci formation upon DNA damage as
demonstrated in study IV, which suggests that RAP80 mutations may also be
involved in ovarian cancer predisposition (Bian et al. 2012). Although the
functional consequences of the currently identified RAP80 mutations need to be
further characterized, the present study and Bian et al. have provided data
supporting RAP80 as a genuine breast and ovarian tumour suppressor. In this
regard, it would be extremely interesting to study the impact of the RAP80 delE81
mutation in ovarian cancer, especially in the Northern Finnish ovarian cancer
cohort since this mutation seems to have a hotspot in this geographical setting. If
RAP80 delE81 can be connected to ovarian cancer predisposition then screening
for this mutation could be considered as RAP80 delE81 carriers would benefit
greatly from targeted follow-up on cancer development enabling early detection
of cancer and better disease prognosis.
In addition, a few studies have shown that RAP80 expression increases
significantly during pancreatic cancer development and that RAP80 is a predictor
of survival in non-squamous cell lung cancer patients treated with chemotherapy.
Furthermore, Li et al. showed that inhibition of RAP80 expression can increase
the sensitivity of pancreatic cancer cells to chemotherapy and stimulate apoptosis,
making RAP80 a potential target for future pancreatic cancer therapy (Li et al.
2012, Rosell et al. 2009, Wang et al. 2011). Taken together, it is extremely
important to study the role of RAP80, as well as other BRCA1/2-interacting
partners, their mutations in various settings, such as different cancers and
populations, to gain more insight into the role of RAP80 and other BRCA1/2associating partners in tumourigenesis and possibly identify new targets for
therapeutic approaches.
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7

Concluding remarks

Currently, only ~30% of hereditary breast cancers can be explained by mutations
in known breast cancer susceptibility genes and the mechanisms behind these
mutations, at the cellular level, are largely unknown. Therefore, new familial
breast cancer predisposing factors need to be identified in order to recognize
patients at higher risk for developing a breast malignancy, giving them the
opportunity for effective disease monitoring and an early detection of cancer.
Equally important is discovering why certain cancer predisposing mutations lead
to cancer development in the heterozygous state. Resolving these issues will
ultimately lead to a better understanding of cancer development and disease
progression, and will enable the development of targeted therapeutic approaches
and also further improve the effectiveness of the already existing regimens for
treating cancer. Thus, the purpose of this thesis was to identify novel breast
cancer predisposing genes and to characterize one of them (PALB2) in more detail.
The chosen candidate genes were PALB2 and RAP80, which were selected based
on their biological functions in DDR. Furthermore, the products encoded by these
genes have crucial roles in recruiting protein products of known susceptibility
genes, BRCA1 and BRCA2, to the sites of DNA damage. Based on the results of
each study, the major observations and conclusion are as follows:
1.

2.

3.

The PALB2 c.1592delT founder mutation was identified to be associated with
a four-fold increased breast cancer risk. This mutation was also seen in 1% of
unselected breast cancer patients, therefore being a significant contributor to
breast cancer predisposition even outside the high-risk breast cancer families.
The PALB2 c.1592delT mutation resulted in a truncated protein product that
showed significantly decreased BRCA2-binding affinity and could not
support intact BRCA2 function in homologous recombination in PALB2
knockdown cells. It was also unable to restore crosslink repair in PALB2deficient cells. Hence, c.1592delT is a genuine loss-of-function mutation.
No loss of heterozygosity was observed in the breast tumours of the six
patients analysed, suggesting that PALB2 might not act as a classical tumour
suppressor gene and the effect of c.1592delT might be mediated through
PALB2 haploinsufficiency combined with a dominant-negative effect of the
truncated protein product.
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4.

Heterozygous PALB2 c.1592delT mutation carrier lymphoblastoid cells were
found to express only 54% of the normal amount of PALB2 protein under
normal growth conditions.
5. At the cellular level, the heterozygous PALB2 c.1592delT mutation causes a
haploinsufficiency phenotype characterized by excessive replication origin
firing under normal growth conditions. As a consequence, DNA is
synthesized slightly faster, which might generate more DNA damage during
cell cycling than is normally produced.
6. As a compensating mechanism, ATR expression was significantly increased
by a factor of at least three in PALB2 c.1592delT carrier cells when compared
to healthy controls, which further demonstrates that the heterozygous carriers
experience replication stress under normal growth conditions.
7. After induction of more replication stress, PALB2 c.1592delT carrier cells
displayed a slight delay in their intra-S phase checkpoint activation and
replication fork restart and/or dormant origin firing, which demonstrates that
these carrier cells exhaust part of their capacity to recover from replication
stress already during normal growth.
8. Upon DNA damage, the heterozygous PALB2 c.1592delT mutation carriers
display a maintenance problem in their G2/M checkpoint, which enables
some of the cells with unrepaired DNA damage to escape into mitosis
prematurely. This might lead to the accumulation of unrepaired DNA damage
in the daughter cells and may predispose to cancer.
9. Together these defects in DNA replication origin firing and G2/M checkpoint
maintenance cause a significant increase in genomic instability in the PALB2
c.1592delT mutation carrier´s primary lymphocytes which are manifested by
spontaneous chromosomal rearrangements, providing strong evidence that the
mechanism of genome instability in primary tissues is the same. These results
provide a mechanism for the early stages of breast cancer development in
PALB2 c.1592delT mutation carriers that may be a model for other cancer
predisposing mutations as well, but this needs further investigation.
10. As the tumours were negative for LOH, it seems that the haploinsufficiency
for PALB2 results in a gradual loss of genomic integrity via combined
replication and G2/M checkpoint maintenance defects.
11. Palb2 was found to play a critical role in early embryonal development in
mice, similar to Brca1 and Brca2.

102

12. Homozygous inactivation of Palb2 was embryonal lethal and these embryos
died at or before E9.5 due to defects in mesoderm differentiation and cell
proliferation, as has been reported for Brca1/2-deficient embryos.
13. The similarity in phenotypes between Palb2, Brca1 and Brca2-deficient mice
further supports the functional relationship shown in vitro for these proteins.
Hence, this in vivo data suggests that a key function for PALB2 is to interact
with and to establish appropriate communication between BRCA1/2 and to
licence the successful performance mediated by BRCA1/2 in DDR.
14. Heterozygous inactivation of Palb2 did not have any effect on mouse
development since these mice, like WT, were viable, fertile and did not
develop tumours in any of the organs analysed.
15. A RAP80 delE81 mutation was identified from two breast cancer patients,
one of which had a moderate familial background of cancer and the other had
been diagnosed with bilateral breast cancer at ages 39 and 41.
16. The resultant delE81 protein displayed significantly reduced ubiquitin
binding and DSB localization. Furthermore, it impaired the whole BRCA1-A
complex DSB recruitment, thus compromising BRCA1-mediated DDR
signalling.
17. Expression of the delE81 allele was associated with a significant increase in
cytogenetically detectable chromosomal aberrations, mainly chromatid
breaks.
18. No loss of heterozygosity was observed in the breast tumours of the two
patients analysed, which suggests that the effect of delE81 might be mediated
by a dominant-negative effect of the RAP80 delE81 protein product.
19. Although the RAP80 delE81 mutation is quite rare, the results from study IV
indicate that the RAP80 delE81 defect is biologically relevant and might be
associated with hereditary predisposition to breast cancer.
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