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1.1 Breast cancer incidence and risk factors
With more than one million woman diagnosed annually, breast cancer is the
most common cancer among women worldwide. In 2011, 13.987 women
were diagnosed with invasive breast cancer in the Netherlands (Integraal
Kankercentrum Nederland (IKNL)). One of the greatest challenges faced by
clinicians and researchers in this field is that breast cancer is not a single
entity, but rather a heterogeneous group of several subtypes displaying
distinct differences in biological and clinical behaviour [1,2].
Both genetic and non-genetic factors are involved in the aetiology of
breast cancer. Non genetic factors include age, body mass index, alcohol
intake and menstrual and reproductive history [3]. A possible genetic
contribution to breast cancer risk is indicated by the increased incidence of
these cancers among women with a family history of the disease and by the
observation of some families in which multiple family members are affected
with breast cancer in a pattern fitting that of a dominant cancer inheritance.
Hereditary breast cancer accounts for approximately 5 to 10 percent of all
breast cancer cases [4]. Clinical markers for hereditary breast cancer are;
family history of breast cancer, early age at time of diagnosis, bilateral breast
cancer, male breast cancer, multiple primary tumours and tumour
phenotype.

1.2 Genetic susceptibility to breast cancer
The genes/genetic variants associated with breast cancer susceptibility can
be classified according to the breast cancer risk (relative risk of carriers
versus non-carriers) they confer: high-risk genes typically confer a relative
risk increase of ≥5 fold, moderate-risk genes are associated with moderate
increases in risk (relative risk of 2 to 4) and common low-risk polymorphisms
confer smaller increases in risk (relative risk < 1.5).
1.2.1 High risk genes
High risk genes are genetic variants associated with breast cancer that are
rare in the population but associated with very high breast cancer risk.
Linkage studies in large families with multiple affected individuals (Hereditary
Breast and Ovarian Cancer families, HBOC) conducted in the 1990s have
led to the discovery that mutations in tumour suppressor genes, BRCA1 and
BRCA2, conferred a high risk to breast cancer [5,6].
Inherited germline mutations in the high-risk BRCA1 or BRCA2
genes have been identified in about 10 to 20 percent of breast cancer
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families. These genes also predispose to ovarian cancer and a substantial
fraction of families with breast and ovarian cancer harbour mutations in
BRCA1 or BRCA2. The mutations that have been associated with increased
risk of cancer result in the absence of functional protein expressed from that
allele, supporting the hypothesis that BRCA1 and BRCA2 are tumour
suppressor genes. The frequency of these mutations may vary in different
populations, due to certain founder mutations [7]. For example, in the
Ashkenazi Jewish population two deleterious BRCA1 and one deleterious
BRCA2 founder mutation have been described [8]. In BRCA1/2 associated
tumours, loss of heterozygosity of the wild-type allele is frequently observed,
resulting in loss of gene function [9].
Bi-allelic germline mutations in BRCA2 are associated with Fanconi
anemia (subgroup D1) and predisposition to childhood tumours [10]. For
BRCA1, only a single case of bi-allelic pathogenic germline mutations has
been reported involving a patient diagnosed with ovarian cancer at age 28.
This patient had several developmental abnormalities fitting a Fanconi
anemia-like phenotype including short stature, microcephaly, and
developmental delay [11].
In a large combined analysis of 22 studies regarding breast and
ovarian cancer risk for BRCA1 and BRCA2 mutation carriers unselected for
family history, the average cumulative risks in BRCA1-mutation carriers by
age 70 years were estimated to be 65% (95% confidence interval 44%-78%)
for breast cancer and 39% (95% CI 18%-54%) for ovarian cancer. The
corresponding estimates for BRCA2 were estimated to be 45% (95% CI
31%-56%) and 11% (95% CI 2.4%-19%) [12].
Other genes conferring a high risk to breast cancer have been
identified as part of inherited autosomal dominant cancer syndromes. These
include germline mutations in the tumour suppressor genes TP53, PTEN,
STK11, and the cell-cell adhesion molecule encoding gene CDH1 [13,14].
Mutations in TP53 cause Li-Fraumeni syndrome (LFS), a cancer
predisposition syndrome associated with the development of soft tissue
sarcomas, osteosarcomas, very early onset breast cancer, brain tumours,
adrenocortical carcinoma, and leukemias. LFS-related cancers often occur in
childhood or young adulthood and survivors have an increased risk for
multiple primary cancers. Breast cancer is the most frequent malignancy
among female TP53 mutation carriers, with approximately 5% of these cases
being diagnosed before the age of 30 [15,16].
Germline mutations in the tumour suppressor gene PTEN are
causative for Cowden syndrome (CS), which is one of the phenotypes
included in the PTEN hamartoma tumour syndrome (PHTS). CS is a multiple
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hamartoma syndrome with a high risk for benign and malignant tumours of
the thyroid, breast, and endometrium. The lifetime risk of developing breast
cancer is estimated to be as high as 85.2% [17]
Germline mutations in the serine/threonine kinase gene STK11 are
involved in Peutz-Jegher syndrome (PJS). PJS is characterized by the
growth of polyps in the gastrointestinal tract, pigmented macules on the skin
and mouth, and other neoplasms [13]. In female carriers, the risk for breast
cancer by the age of 60 years is estimated to be 32% [18]
CDH1 (E-cadherin) germline mutations have been associated with
hereditary diffuse gastric cancer. Patients with germline CDH1 mutations
carry an increased risk of breast cancer and colorectal cancer. Female
carriers face a 40%–54% lifetime risk of developing breast cancer [19].
Together, germline mutations in the high-risk breast cancer
susceptibility genes are estimated to account for up to 25% of familial breast
cancer risk. Despite intensive efforts, genome-wide linkage studies have not
discovered other high risk breast cancer genes, suggesting that no further
high-risk genes of comparable importance to BRCA1 and BRCA2 exist [20].
If additional high-risk genes do exist these are too rare to detect by linkage
analysis in unselected familial cohorts.
1.2.2 Moderate risk genes
Another group of genetic variants associated with breast cancer risk are less
rare (yet uncommon) variants with a moderate effect on breast cancer risk.
These variants have been identified using a candidate gene approach. This
approach involves selecting genes based on their known or presumed
biological function and searching for variants associated with cancer risk.
There is a very large number of genetic epidemiology studies describing
associations between various genetic variants and breast cancer risk. A
number of these genes have been described in multiple independent studies
or are supported by robust meta-analyses. However, there are also genes
for which the reported associations do not replicate in follow-up studies or
give contradicting results.
A well known example of a moderate risk breast cancer gene is the
CHEK2 gene. A protein-truncating germline mutation, CHEK2*1100delC,
has been shown to increase breast cancer risk by approximately 2-fold
[21,22]. CHEK2*1100delC mutation carriers have an increased risk of
bilateral breast cancer [23]. A recent study describing families with
homozygous CHEK2*1100delC mutations showed that women homozygous
for the mutation have a 2-fold higher risk of breast cancer when compared to
heterozygotes [24]. Furthermore, excess breast cancer risk is reported in
first degree relatives of CHEK2*1100delC positive non-BRCA1/2 familial
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breast cancer patients compared to non-CHEK2*1100delC familial breast
cancer relatives [25].
Inherited mutations in the ATM gene are responsible for the
autosomal recessive disorder ataxia-telangiectasia. Approximately 0.5% of
the general population has been estimated to carry a heterozygous germline
mutation in the ATM gene [26]. It is shown that the overall relative risk of
breast cancer in ATM mutation carriers is approximately 2 [27].
Germline mutations in the genes MRE11, RAD50 and NBN, together
forming the MRE11-RAD50-NBS1 (MRN) complex, are also believed to
increase breast cancer risk. The MRN protein complex plays an important
role in maintaining genomic integrity. This protein complex integrates DNA
repair with checkpoint signalling through the ATM, BRCA1, and CHEK2
proteins. For this reason, a number of studies have screened breast cancer
families for pathogenic germline mutations in the genes encoding the MRN
complex. The most convincing evidence to confer elevated risk to breast
cancer is found for the NBN gene. Mutations in this gene confer a 2 to 3-fold
elevated risk to breast cancer [28,29].
Another group of moderate-risk breast cancer genes are those
causative for Fanconi anemia in case of bi-allelic germline mutations.
Heterozygous germline mutations in BRIP1 (FANCJ) [30] and PALB2
(FANCN) [31], and possibly RAD51C (FANCO) [32] and SLX4 (FANCP)
[33,34] are associated with elevated breast cancer risk.
Finally, mutations in the RAD51D [35], XRCC2 [36,37] and BARD1
[38,39] genes are believed to confer susceptibility to breast cancer.
However, there have been contradicting reports and large studies are
needed to confirm the association of these genes with breast cancer risk.
1.2.3 Low-risk polymorphisms
Most of the unexplained genetic susceptibility to breast cancer is likely to be
explained by a polygenic model involving a combination of many low-risk
variants. The evaluation of common genetic variation in breast cancer has
rapidly evolved by the implementation of genome-wide association studies
(GWAS) in large cohort studies. GWAS of large numbers of breast cancer
patients from the general population along with healthy controls have led to
the discovery of more than 70 established breast cancer susceptibility loci
[14]. Most of these variants or single nucleotide polymorphisms (SNPs) have
very minor effects on breast cancer risk, odds-ratio (OR) <1.20, and how
most of these common variants influence breast cancer risk is not
understood. There is evidence for a number of SNPs identified by GWAS to
be involved in regulatory mechanisms in for example regulation of gene
expression. A prime example shows that breast cancer risk associated SNPs
13
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are enriched for FOXA1 and ESR1 transcription factor binding sites, exerting
their effects through these pioneer factors in ER+ related breast cancer [40].
Furthermore, a number of low-risk polymorphisms have been shown to
influence the risk that high and moderate-risk genes confer [41]. Figure 1
illustrates the contribution of high, moderate and low-risk genes to familial
breast cancer risk.

Figure 1. Genetic variants that predispose to breast cancer. The pie chart on the left shows
the estimated percentage contribution of mutations in high-risk (BRCA1/2, TP53, CDH1, LKB1,
and PTEN) and moderate-risk (e.g., CHEK2, ATM, and PALB2) genes and common low-risk
genetic variants to familial relative risk (FRR; ratio of risk of disease for a relative of an affected
individual to that for the general population). Common genetic variants are denoted as SNPs.
“Known SNPs” are SNPs associated with breast cancer through GWAS, as listed on the right.
The odds ratios refer to the increase (or, in some cases, the reduction) in risk conferred by the
rare allele of the variants. “Other predicted SNPs” refers to the estimated contribution of all
SNPs, other than known loci, that were selected for replication of breast cancer GWAS [42].
"Adapted from [14] Reprinted with permission from AAAS."

1.2.4 Targeted therapy
With the identification of mutated genes that predispose to breast cancer it is
hoped that understanding the biology of the affected proteins and the
pathways in which they are involved will lead to the development of new
"targeted" therapies for patients. Some promising results have been
achieved for targeting BRCA1 and BRCA2 mutant tumours. The BRCA1 and
BRCA2 proteins have critical roles in the repair of double-strand DNA breaks
by homologues recombination (HR). As a result, cells lacking functional
BRCA1 or BRCA2 are highly sensitive in vitro to particular chemotherapeutic
agents, such as cisplatin, and ionizing radiation [43]. Mutations in BRCA1
and BRCA2 also sensitize cells to the inhibition of poly(ADP-ribose)
polymerase (PARP), an enzyme involved in base excision repair, a key
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pathway in the repair of DNA single-strand breaks [44]. This seems to be
because the inhibition of PARP leads to the persistence of DNA lesions
normally repaired by homologous recombination. However, the exact
mechanisms by which PARP inhibitors (PARPi) disrupt tumour growth is
unknown. Unfortunately, not all BRCA1/2 mutation carriers respond to
therapies based on PARPi. It has been suggested that mutations in certain
domains in the BRCA1 gene may not confer hypersensitivity to PARPi [45].
In addition, tumours can become resistant to PARPi through various
mechanisms [46]. It is hoped that combination therapies can overcome these
complications.

1.3 Classification of breast cancer
Breast cancer is not one disease entity, it is a heterogeneous and complex
disease encompassing a group of molecularly distinct neoplastic disorders
with distinct biological features and clinical outcomes. Much research effort
has been, and still is, invested to stratify breast tumours into clinically
relevant subgroups with the purpose to select patients for optimal treatment.
Breast cancer classification is mostly based on clinico-histopathological,
transcriptomic and genomic features of the tumour.
1.3.1 Histopathological classification
According to the elaborate histopathological classification of the World
Health Organization (WHO) [47], breast carcinomas can be divided into insitu (benign) and invasive carcinomas. Of the invasive carcinomas, ductal
carcinoma of no special type (IDC-NST) is most common representing ~7080% of all breast cancers. The remaining breast carcinomas are referred to
as special types, of which lobular is most common, followed by tubular,
papillary and mucinous types.
Currently, treatment choice is based upon two histopathological
prognostic classification methods, hormone receptor status and human
epidermal growth factor receptor 2 status. The first classification method is
the modified Bloom-Richardson grading system, also called the Nottingham
system [48,49]. Its histological grade refers to the degree of tumour
differentiation, i.e. how closely the tumour resembles its tissue of origin. The
overall grade is derived from three tumour characteristics; the proportion
showing gland/tubule formation, the degree of nuclear pleomorphism
(variability in size, shape and staining of cells and/or their nuclei) and the
mitotic count. A grade III tumour is considered to be the least differentiated
and the most aggressive breast cancer type. The second method is the TNM
15
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classification, in which T stands for tumour size, N for regional lymph node
involvement and M for distant metastasis. The TNM classification is widely
used in prognosis of solid tumours in general.
Nowadays, breast carcinomas are routinely scored for oestrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth
factor receptor 2 (HER2) protein expression using immunohistochemistry
(IHC) on tissue sections. Hormone receptor-positive breast cancers (ER,
PR) account for around 75–80% of all cases and standardized IHC assays
for the routine testing of ER and PR are used to guide the selection of
patients for hormone-based therapies. HER2 represents the only additional
predictive marker currently in routine use. Approximately 10–15% of breast
cancers have HER2 over-expression and/or amplification with around half of
these co-expressing hormone receptors. These patients are selected for
anti-HER2 based therapies, including the humanized monoclonal HER2
antibody, trastuzumab, which targets the extracellular domain of the HER2
receptor [50]. The remaining 10–15% of breast cancers are defined by
hormone receptor and HER2 negativity (i.e., triple negative cancers), which
represent a key clinical entity given their lack of targeted therapeutic options
[51].
1.3.2 Molecular classification
In the past decade, the development of gene expression profiling using highthroughput microarray-based methods has allowed the simultaneous
analysis of the expression level for thousands of genes in a single
experiment. It was believed that the information provided by the quantitative
assessment of multiple genes would be more precise for biological
characterization of breast cancer than that offered by routine histopathology.
Seminal, class discovery, microarray-based gene expression
profiling studies by the Stanford group have shown on the molecular level
that breast cancer is not a single disease and that distinct molecular
subtypes, often with identical histopathological features, exist [52,53]. In
these studies, the five main 'intrinsic' breast cancer subtypes were
characterized; the Luminal A, Luminal B, HER2-positive, Basal-like and
Normal-like subtypes. Importantly, these subtypes were found to be robustly
reproducible across tumour cohorts and microarray platforms and to
significantly correlate with breast cancer incidence, treatment response and
survival [1,54,55].
The luminal subtypes of breast cancer show gene expression
signatures resembling that of normal luminal-epithelial cells of the breast.
The Luminal A subtype is most common, representing 50-60% of all breast
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cancers. These tumours show high expression of ER and ER-related gene
networks, are mostly of low histological grade and have a relative good
prognosis. Luminal B tumours also express ER but are often of higher
histological grade, have higher proliferation rates and a worse prognosis
compared to Luminal A tumours. It has been suggested that BRCA2associated breast tumours are often of this more aggressive luminal
subtype [56]. The HER2-positive breast cancers are characterized by overexpression of the HER2 gene (by gene-amplification, mutation or otherwise)
and have an aggressive clinical behaviour. A proportion of these tumours is
ER+ and often cluster together with Luminal-B tumours. The Basal-like
tumours show gene expression signatures similar to that of normal
basal/myoepithelial cells of the breast. These basal-like breast carcinomas
(BLCs) represent about 10 to 20% of all breast cancers and are generally
high grade, triple negative ((ER-), (PR-), and (HER2-)) and express high
molecular weight cytokeratins (CK5/6, 14 and 17). Breast tumours of BRCA1
germline mutation carriers have been shown to be primarily of the Basal-like
subtype (75-90%) [53,57]. Finally, the Normal-like subgroup shows
expression of genes associated with normal breast/adipose tissue and it has
been suggested that this subgroup could be an artefact of tumour sampling.
Recently, new intrinsic subtypes have been identified such as the
Claudin-low subtype [58]. This subtype is characterized by low expression of
genes involved in tight junctions and intercellular adhesion. This subtype is
found to cluster near the Basal-like tumours and have similar histological
characteristics. Despite the apparent similarities of Claudin-low tumours with
Basal-like tumours, they do not show the same characteristic high
expression of genes associated with proliferation. However, they do highly
express genes involved in immune system responses [59].
1.3.3 Prognostic gene expression signatures
Gene expression profiling has been extensively used to develop tests that
may provide better predictions of clinical outcome than the traditional clinical
and pathological standards [60]. Although there are many of these
prognostic signatures, there is very little overlap between the actual genelists used in each of them. However, it has been shown that the intrinsic
subtypes, 70-gene profile, wound response, and recurrence score
signatures segregate breast cancers into broadly similar prognostic
subgroups and are probably tracking a common set of biologic phenotypes
[61].
Two of such signatures are now commercially available to help guide
treatment decisions for patients with breast cancer. These are
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MammaPrint® (Agendia, The Netherlands) and Oncotype-DX® (Genomic
Health, USA). MammaPrint® was developed from the first gene expression
signature published on breast cancer. Using a supervised top-down
approach, a gene signature was identified from a selected retrospective
series of 78 patients with node-negative breast cancer who had received no
systemic adjuvant therapy [62]. This assay measures the expression of 70
genes and calculates a prognostic score that categorizes patients into
"good" or "poor" risk groups. The U.S. Food and Drug Administration (FDA)
recently cleared the assay to aid in formulating a prognosis for patients
under 61 years of age who had stage I or II disease with a tumour size of 5
cm or less.
Another molecular assay, Oncotype-DX®, was developed using the
candidate-gene approach to estimating outcome [63]. It measures the
expression of ER and HER2, as well as that of ER-regulated transcripts and
several proliferation-related genes, with the use of the quantitative reversetranscriptase–polymerase-chain-reaction (RT-PCR) assay. Most of these
genes are associated with outcome, and several can be assessed with the
use of conventional methods. The Oncotype-DX® system combines these
measurements into a quantitative “recurrence score,” which can be used as
a continuous variable to estimate the probability of recurrence at 10 years or
to group patients into low-risk, intermediate-risk, and high-risk categories.
To evaluate the true prognostic utility of the MammaPrint® and
Oncotype-DX® assays, prospective clinical trials are currently ongoing.
These are MINDACT (Microarray In Node-negative and 1-3 positive lymphnode Disease may Avoid Chemotherapy) for MammaPrint® and TAILORx
(Trial Assigning IndividuaLized Options for Treatment (Rx)) for OncotypeDX® [64,65]. The outcome of these randomized trials will provide evidence
for the prognostic power of both assays and guide their future appliance in
daily clinical practice.
On a more critical note, it is suggested that the ability to stratify
breast tumours according to clinical outcome by prognostic signatures is
perhaps directly correlated to the assessment of proliferation and cell cyclerelated genes. As proliferation has been shown to be prognostic in ERpositive disease and not in ER-negative disease (nearly all ER-negative
tumours are highly proliferating), this seems to explain why for example both
MammaPrint® and Oncotype-DX® assign the high-risk category to almost all
ER-negative patients. For this reason these signatures are likely applicable
in ER-positive disease only, discriminating the high-proliferating from lowproliferating luminal and HER2-positive tumours [66,67]. Evidence for this
hypothesis comes from large meta-analyses of nearly 3000 breast tumours,
18

for which both gene expression and clinical data is available [66,68,69].
These analyses showed that nine prognostic signatures exhibited a similar
prognostic performance in the entire dataset. Their prognostic abilities were
found to be due mostly to the detection of proliferation activity. Although ER status (Basal-like) and HER2 expression status correspond to bad outcome,
they seem to act through elevated expression of proliferation genes and thus
contain only indirect information about prognosis. Clinical variables
measuring the extent of tumour progression, such as tumour size and nodal
status were found to still add independent prognostic information to
proliferation genes. From these studies it has become apparent that there
are strong connections between traditional (histopathological) prognostic
factors, expression-based molecular subtyping, and prognostic signatures,
all highlighting the important central role of differentiation and proliferation in
breast cancer prognosis and that both genomic and clinical variables should
perhaps be included in a common algorithm to yield the most accurate
prediction model [60]. Figure 2 shows that the prognostic power of the
intrinsic molecular subtypes and several prognostic gene expression
signatures are driven through the assessment of genes associated with
tumour differentiation and proliferation.
Gene expression profiling has contributed enormously to the
understanding of the underlying biology of breast cancer. It has enabled
researchers to characterize important genes and pathways that are
deregulated in breast cancer, leading to the identification of novel targets for
therapeutic intervention. It has also been used to refine breast cancer
classification and will continue to do so. Currently, its value in the clinic is
largely limited due to the close association with parameters already used
within the daily histopathological classification [70].
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Figure 2. Adapted from [60]. Assessment of proliferation and differentiation drive the
prognostic power of the intrinsic subtypes and several gene expression signatures.

1.3.4 Genomic profiling
Another means to stratify breast tumours into subgroups is by genomic copy
number and loss of heterozygosity (LOH) profiling. DNA copy number
aberrations (CNAs) occur frequently in breast cancer and may define key
pathogenetic events, and could also potentially be useful prognostic or
predictive factors. Most of the research performed on copy number profiling
has been performed with the use of array comparative genomic hybridization
(aCGH). This method is restricted to detecting unbalanced structural
changes where there is a physical change in copy number of a region of the
genome. Other structural rearrangements in the genome such as (balanced)
translocations and altered ploidy cannot be identified. Its principals are as
follows; test (tumour) and reference (normal genomic) DNA are differentially
labelled with green and red fluorescent dyes, mixed in a 1:1 ratio.
Competitive hybridization is performed on a platform composed of bacterial
artificial chromosomes (BACs) containing sequence-verified, fluorescent in
situ hybridization (FISH)-mapped DNA inserts spaced throughout the whole
genome in predefined intervals. Hence, the resolution for the identification of
genomic gains and losses is determined by the genomic distance between
two contiguous BACs [71]. Nowadays, high-resolution single nucleotide
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polymorphism- (SNP) arrays are widely used in copy number profiling, with
the added possibility for genome-wide LOH detection.
Genome-wide copy number profiling has revealed that distinct
patterns of CNAs are associated with different pathological features and
gene-expression subtypes of breast cancer [72,73]. For example, the
increased CNAs in Basal-like tumours indicates more genetic complexity
than in the other subtypes, suggesting a greater degree of genetic instability
in these tumours. Basal-like cancers are relatively enriched for low-level
copy-number gains involving multiple large chromosomal regions, whereas
high-level amplification at any locus is infrequent. In contrast, high-level
amplifications are seen more frequently in HER2-positive and Luminal B
tumours. Luminal A and especially Normal-like tumours have very few CNAs
and may have normal diploid copy number profiles.
Genomic profiling has also been applied to allow discrimination
between BRCA1 and BRCA2-mutated and unselected sporadic/hereditary
breast tumours. aCGH has been used to identify characteristic genomic
aberrations in BRCA1 and BRCA2-mutated breast tumours. The use of such
BRCA1/BRCA2 specific classifiers would facilitate the identification of
women and their family members with unknown germline mutation status or
undetected germline mutations. They might also prove valuable in assessing
the pathogenicity of variants of unknown clinical significance. Furthermore,
the identification of driver genes in regions characteristic for BRCA1 and
BRCA2-mutated tumours could lead to a better understanding of the
underlying process of oncogenesis and may provide novel clues for targeted
therapies. Initial studies comparing BRCA1-mutated and unselected
sporadic breast tumours identified numerous genomic regions with
differential CNAs [74-76]. However, recent studies combining gene
expression and copy number profiling, have reported few or even no
differential regions of genomic aberrations between Basal-like tumours with
and without BRCA1 mutations [72,77].
An integrated analysis of both genomic and transcriptomic data
seems particularly powerful to studies tumours in their appropriate biological
context. As mentioned earlier, BRCA1-mutated tumours are mostly of the
Basal-like subtype which has distinct patterns of CNAs as compared to the
other subtypes. If BRCA1-associated CNAs truly exist, these should be able
to discriminate between BRCA1-mutated and not-mutated tumours within the
Basal-like subtype, avoiding confounding subtype specific CNAs. It should
be noted that a proportion of sporadic Basal-like tumours is believed to have
a dysfunctional BRCA1 gene due to alternative mechanisms such as BRCA1
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promoter hypermethylation resulting in CNAs profiles possibly resembling
that of BRCA1-mutated tumours [78].
Recently, such an integrative analysis without taking inherited
mutations into account was performed on nearly 2000 unselected breast
tumours to refine current molecular classification schemes [2]. Clustering
analysis of joint copy number and gene expression data revealed 10 novel
molecular subgroups. The 10 resulting integrative clusters were each
associated with distinct CNAs and gene expression changes. These clusters
demonstrated heterogeneity present within tumours classified according to
ER, PR and HER2 expression, and they divided all of the previously
identified intrinsic subtypes into separate groups. Furthermore, the 10
groups were associated with distinct clinical features and outcomes.
From these results it seems that the future of breast cancer
classification will involve multiple levels of assessment incorporating clinical
information about the patient, tumour specific information determined by
histopathology, and molecular information revealed by genomic, and
transcriptomic profiling to provide subtype-specific diagnostic, prognostic and
predictive tests. At the genomic level, next generation sequencing will allow
the complete genomic landscape of somatic mutations, structural
rearrangements, copy number alterations and epigenetic events to be
assessed. This will undoubtedly yield a wealth of information as well as add
increasing complexity in our attempt to understanding breast cancer biology.
Other major research efforts will be focusing on understanding inter-tumour
and intra-tumour heterogeneity, which will also require consideration in the
interpretation and implementation of molecular classification systems [79].
These approaches will provide the opportunity to understand the molecular
events and pathways underpinning subgroups of breast cancer, and
potentially allow the identification of the cell of origin or tumour-initiating cell
in each subtype. These findings will undoubtedly lead to fundamental
advances in our approach to the classification, biological characterization
and management of breast cancer [80].
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Aims and outline of this thesis
BRCA1-mutated breast carcinomas may have distinct biological features,
suggesting the involvement of specific oncogenic pathways in tumour
development. The identification of genomic aberrations characteristic for
BRCA1-mutated breast carcinomas could prove valuable in clinical testing
for BRCA1-involvement in patients and could lead to a better understanding
of the underlying process of oncogenesis.
Chapter 2 describes integrated transcriptomic and genomic analyses
to search for BRCA1-associated CNAs in a selected group of familial Basallike breast tumours. This selection was based on an important additional
finding in this study. Namely, the observation that a large proportion of
breast tumour samples contained varying amounts of tumour infiltrating
lymphocytes (TILs). The detrimental effect that TILs have on the ability to
reliably measure genomic and expression profiles in tumour samples is
largely neglected in literature. Sample selection for low amount of TILs
allowed the identification of BRCA1-associated CNAs. We have validated
these findings on H&E-stained sections of matching tumour material and in 3
publicly available data sets where appropriate. To further substantiate and
validate our findings we performed DNA flow cytometry on paraffinembedded, formalin-fixed, material of BRCA1-mutated breast carcinomas
selected for large numbers of TILs (> 40% of nuclei). Copy number profiles
obtained by shallow whole genome sequencing analysis of sorted tumour
cell derived DNA clearly shows profiles that were not detected in the
matching unsorted tumour samples. To our knowledge this approach is
unique in breast tumour research and the results clearly demonstrate the
impact of TILs on copy number profiling.
In chapter 3 we describe copy number and gene expression profiling
to investigate whether CHEK2*1100delC mutated breast cancers harbour
characteristic genomic aberrations, as seen for BRCA1 mutated breast
cancers. Literature on genomic profiling of CHEK2 associated breast
tumours is scarce. Furthermore, since CHEK2 associated tumours are
reported to be of the luminal and HER2-positive intrinsic subtypes, our
analysis were restricted to these subtypes. The impact of TILs is also
assessed during the analyses.
The prognostic impact of the TIL signature identified in chapters II
and III is discussed in chapter 4. Cancer related inflammation plays a key
role in cancer progression and has been reported to be able to both promote
and inhibit tumour growth. In breast cancer the prognostic value of a general
tumour inflammatory cell infiltrate is controversial. This can in part be
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explained by the use of small heterogeneous patient groups and varying
methodologies for assessing tumour cell infiltrates. We used the mRNA
immune infiltrate signature as a standardized assessment of general tumour
inflammatory cell infiltrate to investigate its association with patient survival
using large publically available data-sets of lymph node-negative breast
tumours. Also we discuss the association between TILs, survival and breast
cancer molecular subtypes.
In chapter 5, the results are shown for whole exome sequencing
analysis of germline DNA from five Basal-like BRCAX (familial non-BRCA1/2
mutated) cases in an effort to identify putative novel high or moderate-risk
breast cancer genes. These samples were shown in the analysis described
in chapter II to share characteristic CNAs and have large overlapping
regions of copy neutral LOH on chromosome 17. We hypothesized these
BRCAX samples to constitute a genetically more homogeneous group as
compared to unselected BRCAX samples. This homogeneity could be
caused by pathogenic germline mutations in the same high or moderate-risk
breast cancer gene, or alternatively, multiple mutated genes acting in the
same pathway. As loss of the wild-type BRCA1 allele is suggested to be the
most common mechanism of inactivation in tumours from patients who carry
a deleterious BRCA1 mutation, the overlapping regions of LOH in the
BRCAX samples could hint towards the genomic region(s) harbouring novel
breast cancer susceptibility gene(s), making data interpretation a less
daunting task.
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