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Abstract Breast cancer is one of the most frequent cancers
in the world. The majority of cases are sporadic but around
15% show some type of familial aggregation and about 5%
exhibit a clear hereditary pattern. Common and rare low—
moderate-penetrance genes, and high-penetrance genes are
thought to explain the genetic susceptibility to the disease.
Only around 20% of the inherited risk to breast cancer is
explained by germline mutations in the known high-pene-
trance susceptibility genes BRCAI and BRCA2. Mutations
in genes such as 7P53 and PTEN have also been linked
with high risk for breast cancer within specific cancer syn-
dromes and rare germline variants in genes such as CHEK?2
and ATM have been found to confer modest risk to breast
cancer. However, we can say that less than 30% of familial
risk of breast cancer is due to known genes. Identification
in 2002 of the Fanconi anaemia (FA) gene FANCDI as BR-
CA2 and recent studies indicating that heterozygous muta-
tions in FANCN/PALB2 and FANCJ/ BRIPI predispose to
breast cancer have emphasised an important connection be-
tween the FA and BRCA pathway. Here we review the
emerging DNA-damage response network consisting of FA
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and BRCA proteins, summarise what is currently known
about the direct involvement of these molecules in breast
cancer susceptibility and discuss the prospect offered by
this pathway in order to identify more breast cancer related
genes. We finally present the current stage of therapeutic
options specifically targeting the FA/BRCA pathway and
summarise the challenges this field encounters.
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Introduction

Breast cancer is one of the most frequent cancers in the
world. About 5% of Spanish women will develop this type
of cancer during their life and it represents 16,000 new cas-
es every year [1]. Different factors have been associated to
breast cancer susceptibility, genetic factors being the most
important as twin studies or large epidemiological studies
suggest.

The majority of breast cancers (80%) are sporadic and
they can be currently explained by a polygenic model in
which the interaction of different genes (plus environmen-
tal factors) would be necessary to develop the disease.
These genes are known as common low-penetrance genes
(LPG) and although individually they confer a small risk
(<1.5 fold), the fact that they are very frequent in the gen-
eral population (>5%) could make a considerable contribu-
tion to tumour development [2]. During 2007, different
consortia have described some LPGs, each of them confer-
ring a small risk that ranges in general between 1.1- and
1.3-fold [3-5]. About 15% of breast cancer cases present
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Table 1 Percentage of familial breast cancer risk explained by the currently known different types of susceptibility genes

Gene Type MAF RR/allele Familial risk (%)
FGFR2 cLPG 38% 1.26 2

TNRC9 cLPG 25% 1.20 1

MAP3KI cLPG 28% 1.13 0.5

LSP1 cLPG 30% 1.07 0.2

8q cLPG 40% 1.08 0.3

2q cLPG 50% 1.21 1.5

CASPS cLPG 13% 0.89 0.2

ATM rMPG 0.3% 2.30 0.7

CHEK?2 rMPG 0.5% 2.20 1

BRIPI rMPG 0.1% 2.10 0.1

PALB2 rMPG 0.1% 2.30 0.2

BRCAI rHPG 1/1,500 20 10

BRCA2 rHPG 1/1,500 12 10

TP53 rHPG 1/5,000 >50 1

PTEN rHPG 1/25,000 10 1

familial aggregation and tumours in these families can be
explained by rare LPGs, that is, rare variants that are pres-
ent in a low percentage of population (<1%) conferring a
low—moderate risk of breast cancer (2-4 fold) [2]. It is
likely that they make little impact on the disease but the
number of them could be higher than hundreds, accounting
for an important proportion of the familial risk in breast
cancer. CHEK?2 and ATM are two of these genes that confer
risk near to 2.5 in carriers of specific mutations [6-8]. It
has also been estimated that common and rare LPG would
explain part of the breast cancer familial aggregation
(Table 1). Finally, about 5% of breast cancers are heredi-
tary and they would be explained by rare high-penetrance
genes, that is, genes that confer an increased risk for cancer
development (>5 fold). BRCAI and BRCA2 are the most
important and well known breast cancer susceptibility
genes although we currently know that they only explain
about 20-25% of hereditary cases [9, 10]. Other genes
such as P53, PTEN or STK11 are also associated to breast
cancer susceptibility but they would explain a small per-
centage of cases, less than 1% each. Therefore, we can say
that less than 30% of familial risk of breast cancer is due to
known genes (Table 1).

The BRCA genes

BRCAI and BRCAZ2 were identified by linkage studies in
1994 and 1995 and are associated to familial breast and
ovarian cancer. In these families gene transmission follows
a dominant model and those women carrying an alteration
in any of these genes present a high probability of develop-
ing cancer. The incidence is estimated to be 1/1500, which
implies that about 6500 women in our country older than
30 years of age carry a mutation in BRCAI or BRCA2. The

percentage of high-risk families due to mutation in any of
these genes was initially overestimated because the first
studies were done in families with many affected members
[11]. However, we and others have demonstrated that only
25% of the high-risk families assisted in Genetic Coun-
selling Units are explained by mutation in any of the two
genes [9, 10]. The same occurs with the penetrance or risk
that a carrier develops breast or ovarian cancer during their
lifetime. This risk has nowadays been estimated to be
around 50% and 20% respectively at age 70 years [12—-14].
Both genes play an important role in DNA repair (dou-
ble-strand DNA), replication and cell cycle control. In ad-
dition, BRCAI also participates in transcriptional regula-
tion and chromatin modification [15, 16]. Regarding the
DSB repair function, it has been proposed that upon DNA
damage and subsequent activation of H2AX by ATM, a
signal transmission pathway that involves the new recently
described genes RAPS80 and CCDCY8 is initiated, both
genes being crucial for the translocation of BRCAI to the
DNA damage foci [17-19]. DNA damage would also activate
BRCA?2, its main role consisting of transporting RADS51 to
the nucleus and in cooperation with other proteins con-
tributing to the formation of the DNA repair foci [20].

Fanconi anaemia

Fanconi anaemia (FA) is a rare genetic disease (1/200,000—
1/400,000 new born) characterised by bone marrow failure,
congenital abnormalities and a high risk of malignancies,
both haematological and solid tumours [21]. It is a reces-
sive disease, which means that both parents are heterozy-
gous for a mutated gene while the affected child is ho-
mozygous. At a cellular level, FA is associated with a high
degree of genomic instability such as chromosomal fragili-
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Table 2 FA genes and related malignancies

Incidence in FA'  Chromosomal Functional Principal cancers in biallelic mutation Cancer susceptibility in

Gene patients® (%) location subgroup*  carriers (phenotype of FA patients) monoallelic mutation carriers

FANCA 66 16q24.3 Group 1 Classic FA: AML, head and neck SCC, No current evidence
anogenital tumours

FANCB ~2 Xp22.31 Group 1 Classic FA: AML, head and neck SCC, No current evidence
anogenital tumours

FANCC 10 9q22.3 Group 1 Classic FA: AML, head and neck SCC, No current evidence
anogenital tumours

FANCD1/BRCA2 ~2 13q12-13 Group 3 Aggressive FA: childhood solid tumours Breast and ovarian cancer
(Wilms tumour and medulloblastoma) (high-risk)

FANCD?2 ~2 3p25.3 Group 2 Classic FA: AML, head and neck SCC, No current evidence
anogenital tumours

FANCE ~2 6p21.3 Group 1 Classic FA: AML, head and neck SCC, No current evidence
anogenital tumours

FANCF ~2 11pl5 Group 1 Classic FA: AML, head and neck SCC No current evidence
anogenital tumours

FANCG 9 9pl3 Group 1 Classic FA: AML, head and neck SCC, No current evidence
anogenital tumours

FANCI ~2 15q26.1 Group 2 Classic FA: AML, head and neck SCC, No current evidence
anogenital tumours

FANCJ/BRIP] ~2 17q22-24 Group 3 Classic FA: AML, head and neck SCC, Breast cancer
anogenital tumours (low—moderate risk)

FANCL <2 2pl6.1 Group 1 Classic FA: AML, head and neck SCC, Unknown
anogenital tumours

FANCM <2 14921.3 Group 1 Classic FA: AML, head and neck SCC, Unknown
anogenital tumours

FANCN/PALB2  ~2 16p12.1 Group 3 Aggressive FA: childhood solid tumours Breast cancer

(Wilms tumour and medulloblastoma)

(low—moderate risk)

*From W. Wang (2007). Group 1: Form the Core complex that monoubiquitinates FAND2/FANCD1; Group 2: Form the "ID" complex ; activat-
ed upon monoubiquitination; Group 3: Molecules acting downstream FANCD2 ubiquitination; crosstalk with other DNA-repair proteins

ty and chromatid interchanges [22]. FA cells are highly
sensitive to DNA crosslinking drugs, including mitomycin
C (MMO), cisplatin or diepoxybutane [23]. This hallmark
is currently used as a clinical diagnostic test and implies a
defect in the DNA repair pathway due to the germinal ge-
netic alteration. FA is a heterogeneous genetic disorder and
comprises at least 13 complementation groups (A, B, C,
D1,D2,E, E G, 1, J, L, M and N), each of them associated
with a specific gene named FANCA-FANCN [24] (Table 2).
FANCA is the most common mutated gene worldwide
(66% of cases), followed by FANCC and FANCG, each one
of them explaining about 10% of cases [24]. However there
are population-specific differences due to founder muta-
tions, as it happens with the Spanish gypsies or Ashkenazi
Jews that present a single specific mutation in FANCA and
FANCC respectively [25, 26].

Discovery of the first gene (FANCC) was possible by
somatic cell hybridisation studies using different comple-
mentation groups. Cells from a complementation group C
patient were transfected with a cDNA expression library
and selected in the presence of MMC. Only those cells that
received the FANCC cDNA were corrected, allowing their
growth and later the identification of the gene [27]. The
same approach was used in the discovery of four more
genes (FANCA, G, F and E) but none of them contained do-
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mains that could implicate a role in DNA repair. Early data
suggested that the five proteins could form a nuclear com-
plex that was termed the FA core complex [28]. This com-
plex is currently known to involve at least 8 genes (including
FANCB, L and M) that participate in the monoubiquitinisa-
tion of two proteins, FANCD2 and FANCI. When FANCD?2
was cloned in 2001, DNA repair domains were identified
and this data allowed establishing a link between FA pro-
teins and DNA damage [29]. FAND?2 and FANCI are par-
alogues that interact and work together in response to DNA
damage [30]. Although the function is not clear, the ubiqui-
tination could recruit them to the sites of DNA damage,
contributing to the formation of the foci together with
BRCAL1, BRCA2 and other DNA repair players [31] (Fig. 1).

The link between FA/BRCA pathway and breast cancer

In 2002, Howlett et al. [32] identified the FANCDI gene as
the BRCA2 gene, establishing an important connection be-
tween the FANC genes and breast cancer. Biallelic muta-
tions in the FANCDI gene would result in a FA phenotype,
while individuals with heterozygous mutations would be
associated to familial breast and ovarian cancer. Although
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Fig. 1 Schematic representation of the FA/BRCA pathway. This cartoon compiles information from the most recently proposed
models for the FA/BRCA pathway [19, 43]. DNA damage and stalled replication fork signal ATR (I) that subsequently phosphory-
lates the FA core complex (FANCA, B, C, E, F, G and L), the ID FA complex (FANCD2 and FANCI) and the histone H2AX (mak-
ing YH2AX) (II). Activated FA core complex then monoubiquitinates the ID complex (III) and translocates to sites of DNA damage
where at least some of its components such as FANCM might also directly participate in the DNA-repair process (for clarity indi-
vidual FA core complex proteins are not depicted at the DNA damage foci). Monoubiquitination of the ID complex targets it into
the DNA damage foci (discontinued arrow) where it interacts with FANCD1/BRCA?2, FANCJ/BRIP1 and FANCN/PALB2 (IV) as
well as with other DNA-repair proteins that participate in a DNA-damage response network such as BRCA1 or RADS1. Once the
damage is repaired, the enzyme USP1 removes the monoubiquitin from the FA ID complex, inactivating the pathway (V). The
newly identified RAP80 and CCDC98 BRCA 1-interacting proteins are also depicted: It has been proposed that an unidentified E3
ligase acting downstream H2AX phosphorylation would polyubiquitinate currently unknown substrate proteins (X). This would
serve as a signal for RAP80 to bind CCDC98, the RAP80-CCDC98 complex acting upstream BRCA1 regulating its localisation
and function after DNA damage. It is likely that proteins other than RAP80 and CCDC98 also participate in this process (Y). Pro-
teins encircled in red are those whose possible role in breast cancer susceptibility has not been tested yet (our group has recently
discarded a major implication of FANCB; [41])

infrequent (2%), this subtype of FA is one of the most ag-
gressive and severe forms. In addition to the classical fea-
tures of the disease, patients of this complementation group
present a spectrum of distinct characteristics such as high
risk of developing childhood solid tumours, mainly Wilms
and brain tumours [33]. These data suggested that FA
could be an attractive model to identify more breast cancer
susceptibility genes and examine how they function. In
2003 the first study analysing five known genes of the FA
core complex in breast cancer families without mutation in

BRCAI or BRCA2 (BRCAX families) failed to demon-
strate any relation with breast cancer [34]. In 2006, Seal et
al. reported that BRIP1, a BRCAI interacting protein iden-
tical to the FANCJ gene, was also a breast cancer suscepti-
bility gene that explained about 1% of BRCAX cases [35].
The relative risk for a person carrying a mutation in BRIP]
is estimated to be around 2. In 2006 a new BRCA2-inter-
acting protein named PALB2 was identified and one year
later this gene was found to be mutated in FA individuals,
and termed FANCN [36-38]. FANCN/PALB2 colocalises
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in the nuclear foci with BRCA2, promotes its integration in
key nuclear structures and facilitates its recombinant func-
tion. This gene explains a small number of FA patients but
the phenotype is very similar to FANCDI (BRCA2) with
the presence of solid tumours. We can say that almost all
FA children with solid tumours can be explained by muta-
tion in these genes [38] (Table 2). A large study comprising
nearly 1000 BRCAX patients from UK showed that PALB2
is a breast cancer susceptibility gene that explains 1% of
BRCAX families [39]. The same percentage of familial
breast cancer attributable to mutations in PALB2 has been
reported in Canada [40] and recently in Spain [41], where-
as a single PALB2 founder mutation would be responsible
for 1% of all breast cancer occurring in the Finnish popula-
tion [42]. While biallelic inactivation of PALB2 gives a FA
phenotype, individuals with heterozygous mutation present
an estimated risk of 2.4 to develop breast cancer. So, both
genes, PALB2 and BRIPI, can be considered as moderated
risk genes associated to familial breast cancer.

FANCI, the most recently cloned FA gene [30, 31], is a
paralogue of FANCD2 and its potential connection to
breast cancer has not been studied yet. The same occurs
with FANCM and FANCL that belong to the FA core com-
plex. In this regard, a comprehensive analysis of FANCB in
96 BRCAX families allowed us to rule out a major contri-
bution of this gene to breast cancer susceptibility [41]. Fi-
nally, two new genes have been recently identified interact-
ing with BRCA1 [19, 43]. Receptor associated protein 80
(RAP80) and CCDC98 proteins form a complex necessary
for an optimal accumulation of BRCAT1 to the sites of
DNA damage, that is, in the nuclear foci (Fig. 1). Because
there are a few FA patients without association to any of
the 13 known FA genes, it would be interesting to examine
whether any of them is defective in FA and their possible
role as breast cancer susceptibility genes.

Therapeutic targets. Current state and future
challenges

In addition to the above-mentioned implication of
FANCD1/BRCA2, FANCN/PALB2 and FANCJ/BRIP] in fa-
milial breast cancer, it is also known that FA gene defects
also occur in a variety of sporadic solid tumours developed
in the general population (non-FA patients). FANCC and
FANCG have been found to be mutated in pancreatic can-
cer [44-46] and epigenetic silencing of FANCF has been
described in ovarian [47], cervical [48], lung, and head and
neck tumours [49]. Accumulating evidence also indicates
that the BRCA genes are somatically inactivated in a per-
centage of sporadic breast tumours mainly through epige-
netic silencing by promoter hypermethylation [50] and/or
loss of heterozygosity [51, 52]. This wider involvement of
the FA/BRCA pathway in sporadic cancers makes these
genes particularly interesting targets for the design of
genotype-specific drugs and novel therapeutic options.
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As FA-pathway-deficient cells are hypersensitive to
DNA interstrand-crosslinking (ICL) agents, patients devel-
oping tumours that harbour defects in the FA/BRCA genes
could particularly benefit from anticancer treatments based
on ICL compounds. Of special interest is not only the iden-
tification of new ICL agents but also of compounds confer-
ring sensitivity by mechanisms other than the currently
known ICL drugs. These compounds used in combination
with ICL drugs might render synergistic effects, allowing
for increased effectiveness, dosage reduction and avoid-
ance of side effects [53]. A recent report exploring this av-
enue has shown by using high-throughput siRNA screening
that abrogation of ATM function in FA-pathway-deficient
cells results in DNA breakage, cell cycle arrest and apop-
totic cell death, cancer cell lines deficient for FA genes be-
ing more sensitive to inhibition of ATM than isogenic cor-
rected cell lines [54]. ATM inhibitors could therefore have
a role in the targeted treatment of FA-pathway-deficient tu-
mours when used in combination with ICL drugs. In a dif-
ferent work also aiming to identify novel candidate com-
pounds, the growth of FANCC and FANCG defective
human cancer cells was assessed upon treatment with 880
active drugs and 40,000 different agents. By using this
high-throughput approach, several potentially interesting
candidates that produced hypersensitivity and warrant fur-
ther investigation were identified [55].

The design of clinical trials represents an important
challenge in order to properly evaluate the usefulness of
any known or novel compound. However, validation and
thorough characterisation of the hypersensitivity of FA-
pathway-deficient cells to these agents in suitable preclini-
cal models is necessary before clinical trials can be imple-
mented. Limitations and pitfalls of the existing FA pathway
gene defect models have been discussed in detail elsewhere
[53]. Briefly, the limitations and artefacts the different
models are prone to mainly relate to the type of cells used
—human or from other species, normal or malignant, natu-
rally selected for a FA gene defect (i.e., from FA patients)
or artificially engineered— or to whether the drug sensitivi-
ty is tested in vitro or in vivo through the xenografting of
cell lines in mice [56]. However, despite the variety of
models evaluated and the different effects reported, the hy-
persensitivity of FA-pathway-deficient cells to ICL agents
remains a consistent feature, which strengthens the notion
that this targeted strategy might indeed translate into clini-
cal success.

Regarding the treatment of BRCAI- and BRCA2-defi-
cient tumours, a very promising therapeutic strategy has re-
cently emerged. Inhibition of poly (ADP-ribose) poly-
merase (PARP) sensitises tumour cells to cytotoxic therapy
[57] and it has been shown that cells deficient in the BRCA
proteins seem to be particularly sensitive to treatment with
PARP inhibitors [58, 59]. PARP is a nuclear enzyme that
signals DNA damage by adding ADP-ribose units to DNA
and histones and participates in the activation of various
enzymes involved in different DNA-repair mechanisms, in
particular the base excision repair that is key in the repair
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of DNA single-strand breaks (SSBs) [60]. PARP inhibition
would cause accumulation of such breaks, subsequently re-
sulting in stalled replication forks and accumulation of
double-strand breaks (DSBs) [61]. In BRCAI- and BRCA2-
deficient cells where DSB repair by homologue recombi-
nation is severely impaired, participation of error-prone al-
ternative mechanisms would lead to complex chromatid
rearrangements and eventually to cell cycle permanent ar-
rest or apoptosis, explaining the high sensitivity of these
cells to PARP inhibitors [59]. PARP inhibitors are now un-
der evaluation in clinical trials used as single agents or in
combination with cytotoxic drugs [62]. Issues such as the
selection of the appropriate dose and schedule for the
PARP inhibitor (and the other drug if used in combination)
will have to be addressed in current and future clinical tri-
als as well as the likeliness of the PARP inhibitor increas-
ing not only efficacy of the other agent but also its toxicity.

The success of effective targeted therapy in tumours
arising from FA-BRCA-pathway-deficient cells not only
comprises the search for novel compounds conferring sen-
sitivity and the arrangement of suitable clinical trials. An-
other important challenge ahead is the rapid identification
of the subset of patients who will benefit from this tailored
therapy [53, 63]. Rapid diagnostic assays that allow detec-
tion of FA-BRCA pathway gene defects in tumours will

have to be implemented. In the particular scenario of tu-
mours developed by BRCA /2 mutation carriers, the identi-
fication of a hereditary pattern and quick screening for mu-
tations in the BRCA genes at the time of diagnosis will
become decisive. We and others have explored the use of
comprehensive immunohistochemical marker panels and
high-throughput technologies such as gene expression and
array-CGH profiling in order to characterise the different
breast tumour subtypes that seem to represent distinct bio-
logical entities, both in familial and sporadic breast cancer.
The results indicate that about 15% of familial cases not
due to mutations in the BRCAI or BRCA2 genes and spo-
radic cases present a basal phenotype (the same shown by
BRCAI tumours) and somatic inactivation of both BRCA1
alleles [64—67]. Therefore, they represent candidate tu-
mours for this type of therapy. More work needs to be done
in order to clarify the set of features reflecting the specific
consequences of BRCA gene inactivation. However, it is
likely that these approaches will gain clinical relevance in
the future as tools that might help in the identification and
management of suitable patients for treatment regimens de-
signed for BRCA-deficient tumours.

Acknowledgements This work has been partially funded by the
Genome Spain Foundation (Fancogene project).

References 12. Chen S, Parmigiani G (2007) Meta-analysis of lar responses to psoralen-induced DNA inter-
BRCA1 and BRCA2 penetrance. J Clin Oncol strand cross-links. Mol Cell Biol 20:8283-8289
25:1329-1333 24. Wang W (2007) Emergence of a DNA-damage re-
1. Lopez-Abente G, Pollan M, Aragones N et al 13. Antoniou A, Pharoah PD, Narod S et al (2003) sponse network consisting of Fanconi anaemia
(2004) [State of cancer in Spain: incidence]. An Average risks of breast and ovarian cancer associ- and BRCA proteins. Nat Rev Genet 8:735-748
Sist Sanit Navar 27:165-173 ated with BRCAI or BRCA2 mutations detected 25. Callen E, Casado JA, Tischkowitz MD et al
2. Houlston RS, Peto J (2004) The search for low- in case Series unselected for family history: a (2005) A common founder mutation in FANCA
penetrance cancer susceptibility alleles. Oncogene combined analysis of 22 studies. Am J Hum Ge- underlies the world's highest prevalence of Fan-
23:6471-6476 net 72:1117-1130 coni anemia in Gypsy families from Spain. Blood
3. Easton DF, Pooley KA, Dunning AM et al (2007) 14. Garcia MJ, Ferndndez V, Osorio A, et al. Analysis 105:1946-1949
Genome-wide association study identifies novel of FANCB and FANCN/ PALB2 Fanconi Anemia 26. Verlander PC, Kaporis A, Liu Q et al (1995) Car-
breast cancer susceptibility loci. Nature 447: genes in BRCA1/2-negative Spanish breast cancer rier frequency of the IVS4 + 4 A-->T mutation of
1087-1093 families (submitted) the Fanconi anemia gene FAC in the Ashkenazi
4. Stacey SN, Manolescu A, Sulem P et al (2007) 15. Venkitaraman AR (2002) Cancer susceptibility Jewish population. Blood 86:4034-4038
Common variants on chromosomes 2q35 and and the functions of BRCA1 and BRCA2. Cell 27. Strathdee CA, Gavish H, Shannon WR, Buchwald
16q12 confer susceptibility to estrogen receptor- 108:171-182 M (1992) Cloning of cDNAs for Fanconi's anaemia
positive breast cancer. Nat Genet 39:865-869 16. Yoshida K, Miki Y (2004) Role of BRCA1 and by functional complementation. Nature 358:434
5. Milne RL, Ribas G, Gonzalez-Neira A et al BRCA2 as regulators of DNA repair, transcrip- 28. Medhurst AL, Huber PA, Waisfisz Q et al (2001)
(2006) ERCC4 associated with breast cancer risk: tion, and cell cycle in response to DNA damage. Direct interactions of the five known Fanconi
a two-stage case-control study using high-thro- Cancer Sci 95:866-871 anaemia proteins suggest a common functional
ughput genotyping. Cancer Res 66:9420-9427 17. Kim H, Chen J, Yu X (2007) Ubiquitin-binding pathway. Hum Mol Genet 10:423-429
6. Thompson D, Antoniou AC, Jenkins M et al protein RAP80 mediates BRCA 1-dependent DNA 29. Timmers C, Taniguchi T, Hejna J et al (2001) Po-
(2005) Two ATM variants and breast cancer risk. damage response. Science 316:1202-1205 sitional cloning of a novel Fanconi anemia gene,
Hum Mutat 25:594-595 18. Sobhian B, Shao G, Lilli DR et al (2007) RAP8O FANCD?2. Mol Cell 7:241-248
7. Meijers-Heijboer H, van den Ouweland A, Klijn J targets BRCALI to specific ubiquitin structures at 30. Sims AE, Spiteri E, Sims RJ 3rd et al (2007)
et al (2002) Low-penetrance susceptibility to DNA damage sites. Science 316:1198-1202 FANCI is a second monoubiquitinated member of
breast cancer due to CHEK2(*)1100delC in non- 19. Wang B, Matsuoka S, Ballif BA et al (2007) the Fanconi anemia pathway. Nat Struct Mol Biol
carriers of BRCA1 or BRCA2 mutations. Nat Abraxas and RAP80 form a BRCA1 protein com- 14:564-567
Genet 31:55-59 plex required for the DNA damage response. Sci- 31. Dorsman JC, Levitus M, Rockx D et al (2007)
8. Johnson N, Fletcher O, Palles C et al (2007) ence 316:1194-1198 Identification of the Fanconi anemia complemen-
Counting potentially functional variants in BR- 20. Lu H, Guo X, Meng X et al (2005) The BRCA2- tation group I gene, FANCI. Cell Oncol 29:211-
CA1l, BRCA2 and ATM predicts breast cancer interacting protein BCCIP functions in RADS1 218
susceptibility. Hum Mol Genet 16:1051-1057 and BRCA?2 focus formation and homologous re- 32. Howlett NG, Taniguchi T, Olson S et al (2002)
9. Antoniou AC, Pharoah PD, McMullan G et al combinational repair. Mol Cell Biol 25:1949— Biallelic inactivation of BRCA2 in Fanconi ane-
(2001) Evidence for further breast cancer suscepti- 1957 mia. Science 297:606-609
bility genes in addition to BRCA1 and BRCA2 in a 21. Joenje H, Patel KJ (2001) The emerging genetic 33. Alter BP, Rosenberg PS, Brody LC (2007) Clinical
population-based study. Genet Epidemiol 21:1-18 and molecular basis of Fanconi anaemia. Nat Rev and molecular features associated with biallelic
10. Diez O, Osorio A, Duran M et al (2003) Analysis Genet 2:446-457 mutations in FANCD1/BRCA2. J] Med Genet
of BRCA1 and BRCA2 genes in Spanish 22. Hirano S, Yamamoto K, Ishiai M et al (2005) 44:1-9
breast/ovarian cancer patients: a high proportion Functional relationships of FANCC to homolo- 34. Seal S, Barfoot R, Jayatilake H et al (2003) Eval-
of mutations unique to Spain and evidence of gous recombination, translesion synthesis, and uation of Fanconi Anemia genes in familial breast
founder effects. Hum Mutat 22:301-312 BLM. EMBO J 24:418-427 cancer predisposition. Cancer Res 63:8596-8599
11. Ford D, Easton DF (1995) The genetics of breast 23. Akkari YM, Bateman RL, Reifsteck CA et al 35. Seal S, Thompson D, Renwick A et al (2006)

and ovarian cancer. Br J Cancer 72:805-812

(2000) DNA replication is required to elicit cellu-

Truncating mutations in the Fanconi anemia J

@ Springer



84

Clin Transl Oncol (2008) 10:78-84

36.

37.

38.

39.

40.

41

42.

43.

44.

45.

46.

gene BRIPI are low-penetrance breast cancer sus-
ceptibility alleles. Nat Genet 38:1239-1241

Xia B, Sheng Q, Nakanishi K et al (2006) Control
of BRCAZ2 cellular and clinical functions by a nu-
clear partner, PALB2. Mol Cell 22:719-729

Xia B, Dorsman JC, Ameziane N et al (2007)
Fanconi anemia is associated with a defect in the
BRCAZ2 partner PALB2. Nat Genet 39:159-161
Reid S, Schindler D, Hanenberg H et al (2007)
Biallelic mutations in PALB2 cause Fanconi ane-
mia subtype FA-N and predispose to childhood
cancer. Nat Genet 39:162-164

Rahman N, Seal S, Thompson D et al (2007)
PALB2, which encodes a BRCA2-interacting pro-
tein, is a breast cancer susceptibility gene. Nat
Genet 39:165-167

Tischkowitz M, Xia B, Sabbaghian N et al (2007)
Analysis of PALB2/FANCN-associated breast
cancer families. Proc Natl Acad Sci U S A 104:
6788-6793

. Milne RL, Osorio A, Ramén y Cajal T, et al. The

average cumulative risks of breast and ovarian
cancer for carriers of mutations in BRCA1 and
BRCAZ2 attending genetic counselling units in
Spain. Clinical Cancer Research (in press)

Erkko H, Xia B, Nikkila J et al (2007) A recurrent
mutation in PALB2 in Finnish cancer families.
Nature 446:316-319

Kim H, Huang J, Chen J (2007) CCDC98 is a
BRCA1-BRCT domain-binding protein involved
in the DNA damage response. Nat Struct Mol Bi-
ol 14:710-715

van der Heijden MS, Yeo CJ, Hruban RH, Kern
SE (2003) Fanconi anemia gene mutations in
young-onset pancreatic cancer. Cancer Res 63:
2585-2588

van der Heijden MS, Brody JR, Gallmeier E et al
(2004) Functional defects in the Fanconi anemia
pathway in pancreatic cancer cells. Am J Pathol
165: 651-657

Couch FJ, Johnson MR, Rabe K et al (2005)
Germ line Fanconi anemia complementation
group C mutations and pancreatic cancer. Cancer
Res 65:383-386

@ Springer

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Taniguchi T, Tischkowitz M, Ameziane N et al
(2003) Disruption of the Fanconi anemia-BRCA
pathway in cisplatin-sensitive ovarian tumors. Nat
Med 9:568-574

Narayan G, Arias-Pulido H, Nandula SV et al
(2004) Promoter hypermethylation of FANCF:
disruption of Fanconi Anemia-BRCA pathway in
cervical cancer. Cancer Res 64:2994-2997

Marsit CJ, Liu M, Nelson HH et al (2004) Inacti-
vation of the Fanconi anemia/BRCA pathway in
lung and oral cancers: implications for treatment
and survival. Oncogene 23:1000—1004

Jacinto FV, Esteller M (2007) Mutator pathways
unleashed by epigenetic silencing in human can-
cer. Mutagenesis 22:247-253

Rio PG, Pernin D, Bay JO et al (1998) Loss of
heterozygosity of BRCA1, BRCA2 and ATM
genes in sporadic invasive ductal breast carcino-
ma. Int J Oncol 13:849-853

Katsama A, Sourvinos G, Zachos G, Spandidos
DA (2000) Allelic loss at the BRCA1, BRCA2
and TP53 loci in human sporadic breast carcino-
ma. Cancer Lett 150:165-170

Gallmeier E, Kern SE (2007) Targeting Fanconi
anemia/BRCA2 pathway defects in cancer: the
significance of preclinical pharmacogenomic
models. Clin Cancer Res 13:4-10

Kennedy RD, Chen CC, Stuckert P et al (2007)
Fanconi anemia pathway-deficient tumor cells are
hypersensitive to inhibition of ataxia telangiecta-
sia mutated. J Clin Invest 117:1440-1449
Gallmeier E, Hucl T, Brody JR et al (2007) High-
throughput screening identifies novel agents elic-
iting hypersensitivity in Fanconi pathway-defi-
cient cancer cells. Cancer Res 67:2169-2177

van der Heijden MS, Brody JR, Dezentje DA et al
(2005) In vivo therapeutic responses contingent
on Fanconi anemia/BRCA?2 status of the tumor.
Clin Cancer Res 11:7508-7515

Nguewa PA, Fuertes MA, Cepeda V et al (2006)
Poly(ADP-ribose) polymerase-1 inhibitor 3-
aminobenzamide enhances apoptosis induction by
platinum complexes in cisplatin-resistant tumor
cells. Med Chem 2:47-53

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Bryant HE, Schultz N, Thomas HD et al (2005)
Specific killing of BRCA2-deficient tumours with
inhibitors of poly(ADP-ribose) polymerase. Na-
ture 434:913-917

Farmer H, McCabe N, Lord CJ et al (2005) Target-
ing the DNA repair defect in BRCA mutant cells
as a therapeutic strategy. Nature 434:917-921
Schreiber V, Ame JC, Dolle P et al (2002)
Poly(ADP-ribose) polymerase-2 (PARP-2) is re-
quired for efficient base excision DNA repair in
association with PARP-1 and XRCCI. J Biol
Chem 277:23028-23036

Boulton S, Kyle S, Durkacz BW (1999) Interac-
tive effects of inhibitors of poly(ADP-ribose)
polymerase and DNA-dependent protein kinase
on cellular responses to DNA damage. Carcino-
genesis 20:199-203

Ratnam K, Low JA (2007) Current development of
clinical inhibitors of poly(ADP-ribose) polymerase
in oncology. Clin Cancer Res 13:1383— 1388
Rubinstein WS (2007) Hereditary breast cancer:
pathobiology, clinical translation, and potential
for targeted cancer therapeutics. Fam Cancer.
2007 Jul 12; (Epub ahead of print)

Melchor L, Honrado E, Garcia MJ, Alvarez S,
Palacios J, Osorio A, Nathanson KL, Benitez J
(2007) Distinct genomic aberration patterns are
found in familial breast cancer associated with
different immunohistochemical subtypes. Onco-
gene. 2007 Dec 10; (Epub ahead of print)
Honrado E, Osorio A, Milne RL et al (2007) Im-
munohistochemical classification of non-BR-
CA1/2 tumors identifies different groups that
demonstrate the heterogeneity of BRCAX fami-
lies. Mod Pathol 20:1298-1306

Sorlie T, Perou CM, Tibshirani R et al (2001)
Gene expression patterns of breast carcinomas
distinguish tumor subclasses with clinical impli-
cations. Proc Natl Acad Sci U S A 98:10869—
10874

Sorlie T, Tibshirani R, Parker J et al (2003) Re-
peated observation of breast tumor subtypes in in-
dependent gene expression data sets. Proc Natl
Acad Sci U S A 100:8418-8423




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


