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INTRODUCTION ON BRCA1/2-RELATED BREAST CANCER
Breast cancer is the most frequent cancer type in women, estimated to affect one in
eight women in the Western world [1]. A hereditary predisposition is one of the major
risk factors for developing breast cancer [2–4]. In approximately 5-10% of cases, breast
cancer occurs in such a hereditary setting, mostly due to germline mutations in the
BRCA1 (17q21.31, OMIM604370) or BRCA2 (13q13.1, OMIM612555) genes [1, 5]. It
has been estimated that 3% of all breast cancers are due to BRCA1 germline mutations
and 2% due to BRCA2 germline mutations [1, 6]. Since the discovery of the BRCA genes
in the 1990s [7, 8], other breast cancer susceptibility genes have been discovered like
CHEK2, PALPB2 and MEN1, but BRCA1 and BRCA2 germline mutations are still the
main causes of hereditary breast cancer and are therefore the main targets for germline
mutation screening [5, 9–13].
Women with BRCA germline mutations have in general a 50-60% and 6-39% lifetime
risk of developing breast cancer and ovarian/tubal cancer, respectively [14–17].
These cancer risks have considerable therapeutic and preventive consequences for
mutation carriers. First, they usually undergo therapeutic mastectomy instead of breast
conserving therapy when diagnosed with breast cancer to lower the risk of ipsilateral
breast recurrence [18]. Moreover, BRCA mutation status increasingly has consequences
for (neo-)adjuvant systemic therapy, as it has been shown that BRCA-related tumors are
very sensitive to platinum-based chemotherapy, relatively resistant to taxane-containing
chemotherapy, and sensitive to treatment with Poly (ADP ribose) polymerase (PARP)
inhibitors [19–30]. The high efficacy of traditional systemic breast cancer treatment
has made it difficult to justify studies investigating platinum-based chemotherapy as
well as PARP inhibitors, but currently several clinical trials are ongoing [31]. Second,
to prevent the development of BRCA-related cancers, mutation carriers can undergo
prophylactic surgery, i.e. prophylactic mastectomy (of the contralateral breast) and
prophylactic adnectomy [32–35]. For breast cancer, it is also possible to choose for
increased surveillance by mammography and MRI instead of prophylactic surgery.
Third, identification of BRCA germline mutations also has implications for family
members who may also be at risk. Identifying potential BRCA germline mutation
carriers is therefore important, both in women who have already developed BRCArelated cancers and in pre-symptomatic women.
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This thesis: a search for tissue biomarkers for BRCA1/2-related breast cancer
Currently, eligibility for genetic testing is largely based on clinical characteristics such as
young age at tumor diagnosis (<35 years or triple-negative tumor <40 years), bilaterality
of tumors with the first tumor <50 years, or a positive family history for breast, ovarian,
Fallopian tube or prostate cancer [36]. Using these criteria, potential germline mutation
carriers may be missed, since families are nowadays small, inheritance may occur
through unaffected men, tumors may develop at an older age, and mutation penetrance
is variable [37]. The estimated chance of missing BRCA carriers ranges from <5% up to
25% [38]. Moreover, about 25% of breast cancer patients eligible for germline mutation
testing based on clinical criteria, were not referred to a geneticist by their surgeons [39].
Therefore, it would be valuable to be able to identify specific clues for an underlying
BRCA1 or BRCA2 germline mutation in the tumor tissues themselves. In this way,
the pathologist could predict the presence of an underlying BRCA germline mutation
from the morphological, immunohistochemical and/or molecular characteristics of the
tumor, similar to the use of immunohistochemistry for mismatch repair proteins and
microsatellite instability analysis for Lynch syndrome.
The central question of this thesis is: to what extent can clinical pathology play a role
in the early detection of BRCA1/2 germline mutation carriers among breast cancer
patients? More specifically: which tissue biomarkers could be of value in identifying
potential BRCA1/2 germline mutation carriers? The central question of this thesis will
be addressed through the following sub-questions:
1) Which morphological and immunohistochemical characteristics may be of value in
predicting the presence of an underlying BRCA1 or BRCA2 germline mutation in
breast carcinomas?
2) Which molecular characteristics may be of value in predicting the presence of an
underlying BRCA1 or BRCA2 germline mutation in breast carcinomas?
The aim of this thesis is thus to identify tumor characteristics which could be used
to identify BRCA1/2-related breast cancers around the time of regular pathology
diagnosis and which could be easily applied in formalin-fixed paraffin-embedded
(FFPE) tissues and preferably, in any pathology laboratory. This could help in selecting
patients for germline mutation testing. We hypothesize that specific BRCA1/2-related
tumor characteristics can be identified, as these tumors are characterized by defective
homologous recombination-mediated repair of double-strand DNA breaks resulting in
genomic instability and accelerated tumorigenesis [40–42]. Homologous recombination
is an important mechanism for protecting genome integrity [20, 41, 43]. Previous studies
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have indeed yielded clues for BRCA-related breast cancers based on morphological,
immunohistochemical, and molecular features of the cancer tissues, but few studies
have attempted to translate this into clinical test applications so far, especially with
respect to BRCA2-related breast cancer [44–61].
It is important to note however, that BRCA deficiency also occurs in sporadic breast
carcinomas due to mechanisms other than BRCA germline mutations. As a consequence,
sporadic breast carcinomas with BRCA deficiencies may show similar histopathological
and molecular features to BRCA1/2 germline mutation-related breast carcinomas. This
concept is also referred to as BRCAness [62]. BRCAness may be caused by mechanisms,
such as somatic BRCA1 or BRCA2 mutations (<5%) [63–66] and epigenetic BRCA gene
silencing, for example by promoter hypermethylation (BRCA1: 11-14%; BRCA2: 0-9%)
[67–72]. Genetic aberrations in other homologous recombination-related genes could
also lead to BRCAness [61, 62].
The technological possibilities in analyzing tumor tissues have tremendously increased
in recent years. Notably, there is increased application of high-throughput DNA
sequencing techniques in cancer research as well as in pathology practice, which
has given rise to a new pathology subdiscipline called molecular pathology. These
technological advances also impose several (new) moral responsibilities on researchers
and pathologists as for instance, large amounts of potentially sensitive data are being
generated [73–75]. Ethical reflection on these developments has however been lagging
behind. The methods and techniques used to address above-mentioned research
questions also bring about ethical issues. While working on this thesis, I realized that
for responsible advancement of cancer research and clinical cancer care several ethical
requirements need to be met. Therefore, I decided to also address ‘gen-ethical’ aspects of
cancer research and modern molecular pathology practice in this thesis. These aspects
will be addressed by the following sub-questions:
3) With which (new) moral duties are cancer researchers confronted with when using
high-throughput DNA sequencing techniques? And how could they adequately deal
with them?
4) Which ethical issues need to be considered with the emergence of molecular
pathology? And how should they be dealt with for responsible advancement of
personalized cancer care?
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THESIS OUTLINE
This thesis consists of two parts in which a wide variety of research methodologies is
used to answer the above-mentioned questions. In the first part of the thesis the value
of several tissue biomarkers is analyzed. In Chapter 2 an overview of the literature
is given concerning hereditary breast cancer syndromes in general, including breast
carcinomas related to BRCA germline mutations. In this chapter, the clinical and
pathological characteristics of these hereditary breast cancers are reviewed. In order
to answer question (1), we analyze differences in morphological characteristics and
protein expression between BRCA1/2-related and sporadic breast carcinomas (Chapter
3). Protein expression is assessed by immunohistochemistry, a technique available in
virtually all pathology laboratories. We then develop a prediction model for BRCA1/2related breast carcinomas based on these differential characteristics (Chapter 3). To
answer question (2), we evaluate the value of BRCA1 and BRCA2 methylation analysis by
Methylation-Specific Multiplex Ligation-dependent Probe Amplification (MS-MLPA)
as a tool to distinguish sporadic and BRCA germline mutation-related breast cancers
(Chapter 4). MS-MLPA is a methylation analysis technique that can be easily applied
in daily pathology practice using FFPE material. This is followed by a systematic review
on the frequency of BRCA methylation in breast as well as ovarian carcinomas of BRCA
germline mutation carriers. The aim of this review is to investigate whether or not BRCA
methylation and germline mutations are mutually exclusive, as postulated by several
individual studies in literature (Chapter 5). In Chapter 6, we further address question
(2) by investigating miRNA expression patterns in normal breast tissue and invasive
breast cancers of BRCA germline mutation carriers by miRNA microarray profiling
analysis. This study aims to provide a comprehensive insight into the potential role
of miRNA deregulation in BRCA1/2-related breast carcinogenesis as well as potential
new diagnostic biomarkers and therapeutic targets. A comparison with sporadic breast
cancer is also made by studying published miRNA expression data in sporadic breast
cancers. miRNAs are relatively resistant to degradation caused by the formalin fixation
process due to their small size. Therefore, potential miRNA biomarkers could be more
rapidly translated into daily pathology practice.
In the second part of the thesis we investigate the ‘gen-ethical’ aspects of translational
cancer research and the emergence of molecular pathology in addition to the biomedical
research studies presented in the first part. This will be done by performing so-called
ethical parallel research by which ethical issues related to new biomedical technologies
are identified and evaluated as early as possible by a preferably multidisciplinary team,
consisting of ethicists, biomedical researchers, medical doctors, etcetera. In this way,
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new technologies could be implemented in biomedical research and/or clinical cancer
care in a morally responsible manner. In order to answer (3), we identify and analyze
the moral duties (cancer) genomics researchers are confronted with when using highthroughput DNA sequencing techniques by following a systematic review of reasons
approach (Chapter 7). We also analyze how they may deal with these (new) duties for a
responsible advancement of personalized genomic cancer care. To answer question (4),
we identify and analyze the ethical issues that need to be considered with the emergence
of molecular pathology (Chapter 8). Molecular pathology is expected to become an
increasingly more important discipline in oncology, as particular tumor genetic
aberrations will increasingly determine targeted clinical cancer care. This is changing
the traditional role of pathologists in medical care from purely diagnostics to being
actively involved in treatment decisions based on molecular disease characteristics. Also,
it requires new skills, including awareness of ethical issues and attention to responsible
research and innovation. Chapter 9 contains a summary of the main findings, a general
discussion as well as concluding remarks and future perspectives for these fields of
research. In Chapter 10, a Dutch summary of this thesis is provided.
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ABSTRACT
Breast cancer is a major cause of morbidity and mortality worldwide. Approximately
5-10% of breast cancer cases are due to a familial predisposition. Most of these familial
breast cancers are due to mutations in well-known genes linked to breast cancer, such
as BRCA1, BRCA2, TP53, CHEK2, PTEN, CDH1, STK11/LKB1, RAD50, BRIP1, and
PALB2. Some of these cancers are however due to (a combination) of lower penetrance
genes or show no relationship with known susceptibility genes. In this review, we
describe the function of today’s known breast cancer susceptibility genes, the molecular
pathogenesis and histopathology of these hereditary breast cancer syndromes. This may
provide a better understanding and classification of hereditary breast cancer and may
offer tools for better diagnosis and selection of patients sensitive to specific targeted
therapies.

KEY CONCEPTS
• Breast cancer is the most frequent cancer diagnosed in women worldwide.
• In 5-10%* of total breast cancer cases, there is familial breast cancer susceptibility.
• Hereditary breast cancer is familial breast cancer with a clear Mendelian inheritance
pattern.
• Breast cancer susceptibility genes can be divided into high, intermediate and low risk
genes, of which the high risk genes BRCA1 and BRCA2 are the best known.
• Breast cancer susceptibility genes most involve DNA repair mechanisms.
• The discovery of breast cancer susceptibility genes has improved our knowledge
of breast carcinogenesis, including the morphological, immunohistochemical and
molecular characterization of familial breast cancer.
• Moreover, knowledge of the biological processes underlying familial breast cancer
offers tools for cancer screening, prevention and management

24

Hereditary breast cancer syndromes: molecular pathogenesis and diagnostics

INTRODUCTION
Breast cancer is the most frequent cancer diagnosed in women worldwide, affecting
one in eight women [1,2]. Established breast cancer risk factors include modifying life
style factors such as alcohol consumption, obesity, physical inactivity, and hormone
replacement therapy; reproductive factors such as early menarche, late menopause, low
parity, and breast-feeding; and inherent genetic factors [3]. Clues towards an underlying
inherited breast cancer predisposition are a family history of multiple affected relatives,
an early age of disease onset, bilateral breast cancer, male breast cancer, and ovarian/
Fallopian tube cancer [2,4]. A positive family history is even the second largest risk
factor after age [4,5]. Familial breast cancer is defined by a family history of one or more
first or second-degree relatives with breast cancer that does not fit the more stringent
definition of hereditary breast cancer. A family history that fits Mendelian inheritance
patterns (usually autosomal dominant) is suggestive for hereditary breast cancer.
Familial breast cancer accounts for 5-10% of total breast cancer cases (see Figure 1)
[6–10]. Within this group of familial breast cancers a subgroup of breast cancers can be
made comprising patients with germline mutations in high susceptibility genes, either
in BRCA1 or BRCA2 (25%) or other high susceptibility genes (5%)[10]. Furthermore,
a category of patients with a germline mutation in intermediate susceptibility genes
(about 5%) can be distinguished as well as a group of patients with mutations in low
susceptibility genes (about 15%*). The last category consists of patients without a known
genetic aberration at the moment, also referred to as BRCAX (about 50%) [10].

Figure 1. Distribution of breast cancer patients
Adapted from Melchor L and Benítez J (2010) [10].
A = general breast cancer; B = familial breast cancer
* Corrected from original publication.
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The most important breast cancer susceptibility genes, BRCA1 and BRCA2, have been
discovered in 1991 and 1995, respectively [11–13]. Since then, a clearer understanding
of the genetic susceptibility to breast cancer has been achieved through epidemiological
studies, linkage analysis, mutational screening of candidate genes and association
studies [14]. The development of the next-generation sequencing technique has
contributed much to the discovery of new potential breast cancer susceptibility genes
[3]. This has yielded rare high- and intermediate-penetrance genetic mutations and
common low-penetrance genetic modifications [14]. Identification of new breast cancer
susceptibility genes has been difficult due to genotypic and phenotypic heterogeneity of
familial breast cancers, low penetrance alleles, polygenic mechanisms, and interaction
with environmental factors [3,7,15].
Affected genes in hereditary breast cancer syndromes mostly involve DNA repair
mechanisms and genomic integrity maintenance [3]. As a consequence, these patients
are highly susceptible to the accumulation of even more mutations, affecting protooncogenes and tumor-suppressor genes that regulate important cellular processes, such
as cell growth, differentiation and survival, and eventually to the development of cancer.
The discovery of new breast cancer susceptibility genes and studying the genetic,
protein, and histological features of hereditary breast cancer have not only improved our
understanding of the molecular pathways important in breast carcinogenesis, but also
improved patient counseling as well as cancer screening, prevention, and management
[6,10,16].
In this review, we will discuss the most important hereditary breast cancer syndromes,
focusing on well known breast cancer susceptibility genes and describe the complex
genetic, protein, and histological features discovered so far [10]. Moreover, we will
describe the relation with molecular breast cancer subtypes and development of a tissue
classifier to predict BRCA1 and BRCA2 mutations.

CELLULAR PATHWAYS INVOLVED IN HEREDITARY BREAST
CANCER
Most of the hereditary breast cancer syndromes are due to mutations in genes that play
a role in genomic stability and are involved in processes such as DNA damage repair
and cell cycle regulation (Table 1). A major pathway affected in hereditary breast cancer
is that of DNA double strand break (DSB) repair. DSBs may occur due to exogenous
factors such as radiation or endogenous factors including free oxygen radicals and are
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Hereditary breast
and ovarian cancer
syndrome

Li-Fraumeni syndrome

Cowden syndrome

Hereditary diffuse
gastric cancer
syndrome

Peutz-Jeghers
syndrome

BRCA1

TP53

PTEN

CDH1

STK11

CHEK2

LKB1

BRCA2

Syndrome

Gene

37% life-time risk

30-50% life-time risk

50% life-time risk

50% life-time risk

>90% by age 60

39% life-time risk

65% life-time risk

Relative risk of
breast cancer

Table 1. Overview of high and intermediate breast cancer risk genes

<1% of total breast
cancer

1:200.000-250.000,
<1% of total breast
cancer

1:5000, <1% of total
breast cancer

25% of familial breast
cancer

Carrier frequency /
% of breast cancer

Associated diseases

Invasive ductal carcinoma
with luminal molecular
phenotype; lobular breast
cancer (I157T variant)
(little evidence)

Similar to sporadic breast
cancer (little evidence)

Lobular breast cancer

Similar to sporadic breast
cancer (little evidence);
apocrine differentiation

HER2 positive breast
cancer (little evidence)

Mucocutaneous pigmentation,
gastrointestinal hamartomatous
polyps, fibrocystic breast disease,
uterine leiomyomas, malignant
tumors of bowel, pancreas, stomach,
lung, ovarian, testis, endometrium,
thyroid

Diffuse gastric cancer

Hamartomas and malignant
tumors of bowel, thyroid gland, and
endometrium

Sarcomas, leukemias, brain and
adrenocortical cancer

Ovarian, Fallopian tube cancer
(both); stomach, gallbladder, bile
duct, pancreatic and prostate cancer
Basal-like (BRCA1) or
luminal (BRCA2) molecular (mostly BRCA2)
phenotype

Invasive ductal carcinoma

Breast cancer subtype
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28

MEN1

and others

BRIP1

MEN1 syndrome

2-3 fold increased risk

2 fold increased risk

Fanconi anemia

PALB2

2-18 fold increased
risk
1.5-5 fold increased
risk (little evidence)

Lynch syndrome

Mismatch repair genes
(MLH1, MSH2, MSH6,
PMS2)

2-5 fold increased risk

RAD51C

Ataxia-telangiectasia

ATM

1% of all hereditary
breast cancer cases

1% of all hereditary
breast cancer cases

1:500

0.5-1% carrier
percentage

Luminal molecular
phenotype (little
evidence)

Often triple-negative
breast carcinomas (little
evidence)

Usually invasive ductal
carcinomas with luminal
molecular phenotype
(little evidence)

Unclear

Similar to sporadic breast
cancer (little evidence)

Parathyroid and pituitary adenomas,
gastrointestinal and neuroendocrine
tumors

Developmental anomalies, bone
marrow failure, several malignant
tumors

Colorectal, stomach, endometrial,
and ovarian cancer

Cerebellar ataxia, immune
deficiency, gliomas,
medulloblastomas, lymphomas
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extremely genotoxic as they may lead to chromosomal rearrangements and chromosomal
instability. Several pathways exist for DSB repair, the most important pathways being
homologous recombination (HR) and non-homologous end joining (NHEJ). If one of
these pathways is disrupted, another pathway will take over. HR is an error-free process
by which the sister chromatid is used as a template [17]. NHEJ, on the other hand, is
error-prone as it uses no or very limited sequence homology [18].
DSBs are, like other types of DNA damage, recognized by DNA damage surveillance
proteins, such as ATM and ATR. After activation of ATM or ATR, downstream targets
are phosphorylated, including p53 and CHEK2, leading to cell cycle arrest and initiation
of DNA repair [18]. BRCA1 is activated by ATM and ATR and plays a central role in
the DNA damage response, as it links DNA damage sensors to DNA repair pathways
[18–20].
BRCA1 activation leads to chromatin remodeling to make the damaged DNA become
assessable for DNA repair and to activation of DSB repair pathways. BRCA1 is also
able to activate other DNA repair pathways, such as mismatch repair or base excision
repair mechanisms, depending on the type of damage [21]. DSB repair by HR is further
mediated by the Rad family. BRCA1, being in a complex with BARD1, stimulates the
Rad50 and MRN complex and is involved in whether DSBs will be repaired by either HR
or NHEJ [18]. BRCA2 plays a more limited role in HR, downstream of BRCA1. BRCA2
is important for the recruitment of the essential recombinase Rad51 to the site of DSB.
Together, they initiate DSB repair [18]. Some of the facilitators of the HR pathway
include PALB2 (partner of BRCA2) and the BRCA1-interacting protein C-terminal
helicase 1 (BRIP1), both of them being Fanconi anemia-associated proteins [22].
Germline mutations in many of the above-mentioned proteins may occur and result
among other diseases in increased breast cancer risk (Table 1). They can be divided into
highly, intermediately and low penetrant breast cancer risk genes and will be further
discussed below. In the discussion below, it needs to be realized that very likely the
various study groups are not comprised of pure hereditary cases, but will be diluted with
some cancers that are due to sporadic carcinogenetic routes, since there is no reason to
assume that germline-mutated patients are not also at baseline risk of sporadic cancers.
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HIGHLY PENETRANT GENES - HIGH RISK CANCER
SYNDROMES
High risk cancer syndromes result from germline mutations in highly penetrant genes
that lead to a >5 times increased risk of developing breast cancer. These genes account
for 30% of all familial breast cancer cases of which 25% is due to mutations in the most
important breast cancer risk genes BRCA1 and BRCA2 and 5% is due to mutations in
the remaining high risk genes [10].
BRCA1 and BRCA2 – Hereditary breast and ovarian cancer syndrome
Germline mutations in the BRCA1 and BRCA2 genes were the first discovered highrisk breast cancer genes and form the largest group within hereditary breast cancer
syndromes, comprising 25% of all familial breast cancer cases [10,12,13]. BRCA1 and
BRCA2 founder mutations have been found in Ashkenazi Jewish, Icelandic and Finnish
populations [23,24].
Risks
BRCA1 germline mutation carriers have a 65% risk of developing breast cancer and
39% of developing Fallopian tube/ovarian cancer [25]. Moreover, these patients have
an increased risk of developing stomach, pancreatic, colon, and prostate cancer [26].
BRCA2 germline mutation carriers have a 39% risk of developing breast cancer and
11% risk of developing Fallopian tube/ovarian cancer [25]. Male patients have 6% risk
of developing breast cancer [27,28]. BRCA2 germline mutation carriers also have an
increased risk of developing stomach, gallbladder, bile duct, pancreatic, and prostate
cancer [29].
Genes and mutations
The BRCA1 gene is located on chromosome 17q21 [11]. It is a large gene containing
5.592 nucleotides, leading to a protein of 1.863 amino acids [30]. Mutations have been
found across the whole length of the gene and about 80% of the mutations lead to
generation of a premature stop codon resulting in a non-functioning protein, mainly
due to frame shift and nonsense mutations [30,31].
The BRCA2 gene is located on chromosome 13q12-13 [30]. Similar to BRCA1, it is a
large gene containing 10.485 nucleotides, leading to a protein of 3.495 amino acids. As
for BRCA1, there are no hot spot mutations and the far majority of the mutations (90%)
lead to premature protein truncation [30].
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In >80% of the breast and other cancers that develop in BRCA1 and BRCA2 germline
mutation carriers, the remaining wild-type allele is lost (loss of heterozygosity),
resulting in complete loss of function of these important tumor suppressor
genes [30,32,33]. In rare instances, small somatic mutations in the BRCA genes involving
a few bases have been described [34]. BRCA1 and BRCA2 promoter hypermethylation,
another mechanism leading to decreased protein expression, is very rare in cancers
arising in BRCA1 and BRCA2 germline mutation carriers. However, BRCA1 promoter
hypermethylation has been found in 9-13% of sporadic breast carcinomas and 42% of
hereditary breast carcinomas due to other causes than BRCA1 and BRCA2 germline
mutations [35–39]. BRCA1 hypermethylated tumors show a similar phenotype
compared to breast carcinomas arising in BRCA1 germline mutation carriers (see
later) [17]. BRCA2 promoter hypermethylation is also very rare in sporadic and
hereditary breast carcinomas [40]. However, an alternative mechanism leading to
BRCA2 inactivation involves EMSY amplification, seen in 13% of sporadic breast cancer
cases [41]. EMSY is able to directly interact with BRCA2, and EMSY overexpression
inhibits BRCA2 transcriptional activity [41–43].
Function and loss of function
As mentioned above, BRCA1 and BRCA2 are important proteins involved in different
stages in the DNA damage response and DNA double-strand DSB repair by the very
robust and error-free mechanism of HR, although they are involved at different stages in
this pathway of genome protection [17]. BRCA1 or BRCA2 deficiency due to mutations
in these genes leads to defective DSB repair. The reliable repair by HR is replaced by the
error-prone mechanism of non-homologous end joining (NHEJ) and other less reliable
mechanisms, resulting in chromosomal instability [44–46]. This predisposes to and
accelerates tumor formation [47,48].
BRCA1 is a multi-functional protein with other functions besides DNA damage
repair by HR, such as cell cycle control, transcription regulation, proliferation, protein
ubiquitination, chromatin remodeling, and telomere maintenance [18,49–55]. The
functions of BRCA2 are more restricted to DSB repair [18,49].
It has been suggested that loss of BRCA1 and BRCA2 function activates p53, an
important factor in signaling DNA damage and activating DNA damage response,
leading to cell-cycle arrest and apoptosis [31]. Loss of p53 is assumed to be essential for
development of BRCA-associated breast tumors [56]. BRCA1- and BRCA2-associated
breast carcinomas show a higher frequency of p53 mutations compared to sporadic
breast carcinomas: 40% of BRCA1-associated, 30% of BRCA2-associated and 20% of
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sporadic breast carcinomas [57–60]. The high incidence of p53 mutations in BRCA1
related cancer is a possible explanation for the high grade and proliferation index seen
in these cancers [60–62]. Indeed, it has been shown by several studies that BRCA1and (to a lesser extent) BRCA2-associated breast carcinomas differ morphologically,
immunophenotypically and molecularly from sporadic breast cancer in age-matched
controls and from hereditary non-BRCA-associated breast carcinomas [31,63]. These
differences likely reflect differences in tumor biology and could also be used in clinical
practice in predicting which patients might have BRCA1 or BRCA2 germline mutations.
Pathology of BRCA1-associated breast cancer
The most common tumor type arising in BRCA1 germline mutation carriers is invasive
ductal carcinoma of no special type, similar to sporadic breast carcinomas. However,
there is an increased proportion of medullary carcinomas (13% compared to 3% in
BRCA2-associated and 2% in non-BRCA-associated breast carcinomas) [64]. BRCA1associated breast carcinomas also frequently show a prominent lymphocytic infiltration
and pushing tumor margins [65].
BRCA1-associated breast carcinomas are usually of high grade with little tubule
formation, higher pleomorphism and high mitotic index (66-84% compared to 15-36%*
in sporadic breast carcinomas) [64,66,67]. They are usually negative for ER (73-90%),
PR (79%), and HER2 (97%-100%) [56,60,65,67–70]. Thus, about 69% of all BRCA1associated breast carcinomas are triple negative [71]. Interestingly, the likelihood of
ER negativity is 4.8 times higher in high-grade breast carcinomas in BRCA1 germline
mutation carriers than in sporadic cases [72]. Instead, they usually show a high
expression of basal or myoepithelial cell markers, including CK5/6, CK14, and EGFR,
and no expression of luminal-cell markers such as CK8/18 [73,74]. Therefore, they are
typically of basal-like intrinsic type [73,74]. Moreover, these tumors are characterized
by high expression of Ki-67, caspase-3, and c-MYC [69,75], and little Bcl2, p27, and
cyclin D1 expression, which are ER associated genes [76–78]. Other proteins that are
usually not expressed in BRCA1-associated breast carcinomas are CDK4, p16, and
p21 [31]. BRCA1-associated breast carcinomas show overexpression of proteins that
stimulate cell cycle progression, such as cyclin A, B1 and E [72,79,80]. Furthermore, a
high expression of HIF1a caused by hypoxia and inducing angiogenesis by stimulating
VEGF transcription has been found [81].
As breast cancer risks vary to some extent between families with BRCA1 germline
mutations, research has been done on potential gene modifiers of BRCA1-associated
* Corrected from original publication.
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breast cancer risk. Several gene modifiers that encode proteins that interact with
BRCA1 have been identified, including ATM, BRCC36, BRCC45, BRIP1, CTIP, ABRA1,
MERIT40, MRE11A, NBS1, PALB2, RAD50, RAD51, RAP80, and TOPB1 [82].
Pathology of BRCA2-associated breast cancer
The pathology of BRCA2-associated breast carcinomas is more heterogeneous and more
comparable to sporadic breast cancer. Several studies showed no statistical differences
with sporadic breast carcinomas [64,65,83]. Other studies reported that BRCA2associated breast carcinomas are usually of intermediate to high grade and frequently
show pushing tumor margins similar to BRCA1-associated breast cancer [84]. They
show less tubule formation but similar cellular pleomorphism and mitotic activity
compared to sporadic breast carcinomas [64,83].
BRCA2-associated tumors are usually ER positive (65%) and PR positive (40-60%), and
HER2 negative (97-100%) [56,60,69]. According to grade, they are more often ER and
PR positive, and negative for HER2 compared to sporadic breast carcinomas [56,69,85].
Only 16% of BRCA2-associated breast carcinomas are triple negative, much less than
BRCA1-related and comparable to sporadic cancers. Moreover, BRCA2-associated
breast carcinomas rarely express basal-cell markers. Therefore, BRCA2-associated
breast carcinomas are typically of the luminal intrinsic type.
Furthermore, BRCA2-associated breast carcinomas show frequent cyclin D1
overexpression (27-55% vs. 5-33% of BRCA1 and 35-100% of sporadic breast
carcinomas) [60,78]. They also show frequent expression of Bcl2, which is also correlated
with ER expression, and overexpression of FGF1 and FGFR2, resulting in upregulation
of genes involved cell proliferation, cell adhesion and extracellular matrix interaction,
and activation of the MAPK signaling pathway [85]. Furthermore, similar to BRCA1associated carcinomas, BRCA2-associated carcinomas also overexpress HIF1α [86].
Precursor lesions
The development of BRCA1- and BRCA2-associated breast cancer from morphologically
normal epithelium (via precursor lesions) to invasive breast cancer is not well understood
[31]. In situ lesions, such as ductal and lobular carcinoma in situ, are infrequently found
around invasive breast cancer in excision specimens of BRCA1 and BRCA2 mutation
carriers [64]. The occurrence of in situ lesions in the absence of invasive breast cancer
is not well known. In prophylactic mastectomy specimens, several precursor lesions
have been reported (atypical ductal/lobular hyperplasia, lobular/ductal carcinoma in
situ) and are found in up to 57% of cases, which is a higher incidence compared to
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breast reduction specimens in non-affected women[87,88]. A faster progression from
morphologically normal epithelium to invasive breast cancer has been suggested.
Morphologically normal epithelium in BRCA1- or BRCA2-associated breast carcinomas
already contains genetic alterations, including LOH and miRNA deregulation [89].
Furthermore, we have described an upregulation of hypoxia markers, such as HIF1α,
Glut-1 and CAIX in ductal carcinoma in situ lesions of BRCA1 or BRCA2 mutation
carriers, suggesting a role for these markers in the development of BRCA-associated
breast cancer [86].
Prognosis
Limited research has been performed on the prognosis of BRCA1- and BRCA2-associated
breast carcinomas. Most of the available data are derived from small, retrospective
studies and are likely to contain several biases and lack of appropriate controls (matching
for age, stage, grade, hormone receptors etc.). As far as is known today, there are no clear
differences in prognosis between BRCA1- and BRCA2-associated and sporadic breast
carcinomas [90–93].
TP53 - Li-Fraumeni syndrome
TP53 is a tumor suppressor gene, located on chromosome 17p13.1. It encodes a nuclear
phosphoprotein (p53) that plays an important role in cell growth regulation [94]. p53
acts a transcription factor and is involved in regulation of DNA damage repair, genomic
instability, cell cycle progression, senescence, and apoptosis [94,95]. Kinases such as
ATM and CHEK2 are able to phosphorylate and stabilize the p53 protein [16].
Inherited TP53 mutations are the cause of Li-Fraumeni syndrome, a highly penetrant
disorder resulting in autosomal dominant predisposition to several types of cancer [96].
These include sarcomas, leukemias, brain cancer, adrenocortical carcinomas, and breast
cancer [96–98].
The TP53 mutation carrier rate is about 1:5000 births [99]. The lifetime risk of cancer
approaches 100% [96]. About 50% of TP53 mutation carriers will develop one of the
associated cancers by age 30 [96]. Although less than 1% of all breast cancer cases are
due to inherited TP53 mutations [100], breast cancer is the most common malignancy
in female patients with Li-Fraumeni syndrome and include 1/3 of all cancers in
Li-Fraumeni syndrome families [6]. Breast cancer risk is estimated to be 56% by age
45 rising to >90% by age 60. This is a 60 fold increased risk compared to the general
population [6]. The average age of diagnosis for breast cancer is 35 years old [97,100].
Most common mutations include missense mutations and are localized to the DNA
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binding domain, although deletions of the promoter or coding region also occur
frequently [101]. These mutations all yield an ineffective p53 protein.
Very little is known about breast cancer characteristics in these patients, although it has
been published that the majority of breast cancers in Li-Fraumeni syndrome patients
are HER2 positive [102,103]. There is no clear genotype-phenotype correlation [101].
In contrast to BRCA1 and BRCA2, somatic TP53 mutations are regularly found in
sporadic breast cancer (approximately 50%) [30]. However, in BRCA-associated breast
carcinomas the frequency of somatic TP53 mutations is higher compared to sporadic
breast carcinomas [62,104].
PTEN - Cowden/PTEN hamartoma tumor syndrome
PTEN (phosphatase tensin homolog) is a tumor suppressor gene, located on
chromosome 10q23.3. It encodes a protein having phosphatidylinositol-3-kinase (PI3K)
phosphatase activity, thereby regulating the pro-survival PI3K/Akt/mTOR pathway
[105]. Loss of PTEN function leads to increased cellular proliferation, migration,
and survival, although the precise mechanisms remain unclear [99,106,107]. PTEN
germline mutations give rise to the rare autosomal dominant cancer syndrome with
incomplete penetrance, called Cowden disease. The prevalence of Cowden disease is
1:200.000-1:250.000 [108]. Cowden disease is characterized by increased proliferation
of ectodermal, mesodermal, and endodermal tissues, and a high risk of developing
multiple hamartomas and carcinomas, such as in the breast, bowel, thyroid gland, and
endometrium [109–111]. About 80% of patients with Cowden disease have a mutation
in the PTEN gene [112]. Most frequent genetic alterations include missense and frame
shift mutations, insertions, and deletions. In 20% of patients the mutation is located in
the PTEN promoter region [112].
Breast cancer is the most frequently occurring malignant tumor in patients with
Cowden disease (<1% of total breast cancer cases). A couple of studies have shown that
breast cancer pathology in Cowden disease patients is similar to sporadic breast cancer
[113,114], although an association with basal-like phenotype or apocrine differentiation
has also been reported [115]. It is known that PTEN loss leads to increased androgen
signalling, characteristic for apocrine cells [116,117]. The lifetime risk for breast cancer
in Cowden disease patients is about 50% with an average age at diagnosis between 36 and
46 years old [118,119]. About 75% of patients with Cowden disease will develop benign
breast disease (fibroadenomas, hamartomas, adenosis, apocrine metaplasia) [118,119].
Benign breast lesions in patients with Cowden disease also frequently show apocrine
differentiation [113,114]. Somatic PTEN mutations are known to occur in breast cancer,
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mainly occurring in basal-like tumors, and especially in BRCA1-associated carcinomas,
although there was no association with apocrine differentiation [120,121].
CDH1 - hereditary diffuse gastric cancer syndrome
CDH1 (Cadherin 1, E-cadherin), located on chromosome 16q22.1, encodes for the
E-cadherin protein, a calcium dependent cell-cell adhesion glycoprotein, junctioning
epithelial cell together [122,123]. CDH1 germline mutations are the cause of the
autosomal dominant hereditary diffuse gastric cancer syndrome and predispose to
diffuse gastric cancer. The risk of developing diffuse gastric cancer in patients with
CDH1 germline mutations is 70-80% [124]. Furthermore, women with CDH1 germline
mutations have an increased risk of developing early onset lobular breast cancer. The
lifetime risk is estimated as high as about 50% [124,125].
Loss of E-cadherin expression is typical of lobular breast cancer. Lobular breast cancer is
characterized by a lack of glandular differentiation and rather shows a growth pattern of
small strands and/or solitary cells reflecting the loss of this cell-cell adhesion molecule.
As far as is known today, lobular breast cancers arising in CDH1 germline mutation
carriers have a comparable immunohistochemical and molecular phenotype compared
to their sporadic counterparts.
The most common genetic alterations in CDH1 include frameshift mutations
(28.7%), splice-site mutations (27.0%) and non-sense mutations (19.7%), resulting
in a loss of E-cadherin expression [126]. The second allele is inactivated somatically.
Hypermethylation or LOH are infrequent causes of down-regulation or inactivation
of the second allele in CDH1 germline mutation carriers [127,128]. E-cadherin is also
absent in 85% of sporadic lobular breast cancer [129]. Somatic CDH1 alterations have
also been found in sporadic lobular cancer in about 56% [125,127], including non-sense
mutations and CDH1 hypermethylation [127,130]. So far, no other studies describing
the histopathological or molecular characteristics of CDH1 mutation-associated breast
cancers.
SKT-11/LKB1 - Peutz-Jeghers syndrome
The STK11/LKB1 (serine-threonine kinase 11) tumor suppressor gene is located on
chromosome 19p13.3, encoding a serine-threonine kinase that functions as an negative
regulator of the mTOR pathway [131,132]. Peutz-Jeghers syndrome is an autosomal
dominant disorder characterized by inactivating germline STK11/LKB1 mutations,
resulting in mucocutaneous pigmentation, gastrointestinal hamartomatous polyps,
multiple uterine leiomyomas, and fibrocystic breast disease [16,133]. Moreover, these
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patients have an increased risk of several malignant tumors, including colorectal,
small bowel, pancreatic, gastric, thyroid, lung, breast, endometrial, ovarian and testis
tumors [47]. The lifetime risk of developing breast cancer in females is 30-50% [134–
136]. The median age of breast cancer diagnosis is 45 years [136]. Limited research on
the characteristics of these tumors has suggested a similar phenotype to sporadic breast
carcinomas [6].

INTERMEDIATELY PENETRANT GENES – INTERMEDIATE
RISK CANCER SYNDROMES
These cancer syndromes result from germline mutations in intermediate penetrant
genes that lead to a 1.5 – 5 times increased risk of developing breast cancer and comprise
about 5% of familial breast cancer [10].
CHEK2
The CHEK2 (Checkpoint kinase 2) gene is located on chromosome 22q12.1 and encodes
a cell cycle checkpoint kinase [137,138]. The CHEK2 protein is activated by DNA double
strand breaks and activates downstream repair proteins including BRCA1 and p53,
playing an important role in DNA damage response by activating cell-cycle checkpoints
and stimulating DNA repair [137,139,140]. The most common genetic alteration is
the 1000delC variant yielding an unstable CHEK2 protein, often even associated with
complete loss of expression [141].
Breast cancers due to an underlying CHEK2 germline mutation account for <1% of total
breast cancer cases in females and 9% of all male breast cancer cases [138,142]. Female
patients with CHEK2 germline mutations have a 2-3 fold increased risk of developing
breast cancer (life-time risk about 37%) [99]. Analysis of the pathology of CHEK2associated breast carcinomas yielded contradictory results. Most of the tumors are of
high-grade and ER and PR positive, and HER2 negative [141,143]. They have a less
favorable clinical outcome compared to sporadic breast carcinomas [144]. However, a
lower grade compared to breast carcinomas without CHEK2 mutation has also been
reported as well as no differences in ER and PR status [144]. An association with lobular
breast carcinomas has also been reported, especially in patients with the missense
I157T variant [145]. CHEK2-associated breast cancers are mostly of luminal phenotype.
The I157T variant is found to be associated with a luminal A phenotype and CHEK2
truncating mutations appears to be associated with a luminal B phenotype [146].
Therefore, differences in tumor pathology may be associated with different underlying
CHEK2 mutations.
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ATM - Ataxia-telangiectasia
The ATM (Ataxia-telangiectasia mutated) gene is located on chromosome 11q22.3.
It encodes a cell cycle checkpoint kinase having important functions in DNA double
strand break repair and cell cycle progression [6]. It activates important players in DNA
damage response such as p53, BRCA1 and CHEK2 [147]. Homozygous ATM mutations
give rise to the rare autosomal recessive Ataxia-telangiectasia syndrome, characterized
by cerebellar ataxia, immune deficiency, and increased risk of developing gliomas,
medulloblastomas, lymphomas, and breast cancer [148,149]. Heterozygous mutations
give a 2-5 fold increased breast cancer risk [150,151]. ATM germline mutations are quite
common in the general Western population (prevalence 0.5 – 1%) [149,150]. Moreover,
decreased ATM expression is found in 50-70% of sporadic breast tumors [152] and is
associated with worse prognosis [153]. The histopathology of breast tumors arising in
ATM mutation carriers does not significantly differ from sporadic controls [154].
Mismatch repair genes - Lynch syndrome
The mismatch repair genes MLH1, MSH2, MSH6 and PMS2 play an important role
in DNA repair by correction of base mismatches, insertions or deletions, maintaining
microsatellite stability [155]. About 1:500 people carry germline mutations in one
of these mismatch repair genes [156]. Germline mutations in these genes cause the
autosomal dominant Lynch syndrome, which is characterized by an increased risk of
colorectal, stomach, breast, endometrial, and ovarian carcinomas [157]. An increased
risk of breast cancer is mainly described in families with MLH1 and MSH2 mutations
[158] and varies between a 2-18 fold increased risk compared to the general population
[159]. The pathology of these breast carcinomas and whether they differ from sporadic
breast carcinomas is still unclear.
MRN complex
The MRN complex (MRE11, RAD50, NBS1) plays a key role in DNA double strand break
repair by recruiting ATM to double strand breaks [160]. Mutations in these genes result
in a 2-3 fold increased risk of developing breast cancer [161]. Most genetic alterations
include missense mutations and protein-truncating variants [161]. Homozygous
germline mutations cause Ataxia-telangiectasia-like disorder and Nijmegen Breakage
Syndrome [162]. The pathology of tumors with inherited mutations in one of the genes
of the MRN complex has not been investigated systematically yet.
RAD51C
RAD51C is an important component of the DNA double strand break repair through
homologous recombination. Homozygous mutations in RAD51C give a phenotype
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similar to Fanconi anemia. Heterozygous mutations are associated with increased breast
cancer risk and occur in about 1% of hereditary breast cancer cases [163,164]. Although
little is known about the pathology of RAD51C-associated breast carcinomas, they are
mostly invasive ductal carcinomas of no special type and usually ER and PR positive,
and HER2 negative (80%) [165]. Moreover, they are usually positive for luminal
cytokeratins and BCL2, thereby exhibiting a luminal A phenotype [165].
Fanconi anemia
Fanconi anemia is a rare autosomal recessive disorder characterized by a defect in
homologous recombination DNA repair, resulting in developmental anomalies, bone
marrow failure and increased risk of malignant tumors [166–168]. Mutations in
several genes involved in the Fanconi anemia pathway can cause an increased risk of
developing breast cancer, including PALB2 and BRIP1. The PALB2 and BRIP1 proteins
are both BRCA2 binding partners [169,170]. Mutations in these genes yield a 2 fold
increased risk of developing breast cancer [163,170,171]. They each comprise about 1%
of total hereditary breast cancer cases [163,171]. Little is known about the pathology
of Fanconi anemia-associated breast carcinomas. They appear to be often ER, PR, and
HER2 negative [172], although differences in tumor pathology as well as survival may
be explained by differences in genotype [173].
MEN1 – MEN1 syndrome
MEN1 (multiple endocrine neoplasia type 1) is a tumor suppressor gene located on
chromosome 11q13. The MEN1 syndrome, caused by MEN1 germline mutations, is
characterized by parathyroid adenomas, gastrointestinal neuroendocrine tumors,
and pituitary adenomas [174]. Recently, it was discovered that female MEN1 patients
have an increased risk for breast cancer with a relative risk of 2.83 and mean age at
diagnosis of 48 years [174]. Little is known about the pathology of MEN1-associated
breast carcinomas, but so far most of the tumors were invasive ductal carcinomas of no
special type and were ER and PR positive, and HER2 negative [174]. The mechanism of
increased breast cancer risk is thought to be through the encoding of menin, which is a
co-regulator of the estrogen receptor [174].

LOW PENETRANT GENES – LOW RISK CANCER
SYNDROMES
These cancer syndromes result from germline mutations in low penetrant genes that
lead to a 1-1.5 times increased risk of developing breast cancer and comprise about 15%
of familial breast cancer [10].
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Discovery of remaining potential breast cancer risk genes has been difficult, because of
reasons such as low penetrance and polygenic or recessive mechanisms. However, due
to techniques such as genome-wide association studies novel rare breast cancer risk
genes or loci have been identified.
Genes include FGFR2 [175,176], TNRC9 [175], MRPS30) [175], MAPK3K1 [175],
CASP8 [177], and LSP1 [175]. Risk loci that have been found are 2q35 [178], 5p12 [179],
6q25.1 [180,181], 8q24 [175], and 19p13 [182]. Some of these genes or loci are associated
with ER positive disease (such as FGFR2 and 5p12) [179], others are associated with triplenegative disease (such as 6q25.1 [180] and 19p13 [182]). For many of these genes and
loci the relative risk of developing breast cancer is slightly above 1.0 and they may also
act as modulators of breast cancer risk in patients carrying germline mutations in high
and intermediate risk genes [163].
BRCAX families
Families remain by which the frequent occurrence of breast cancer cannot be explained
by above mentioned high, intermediate and low risk genes (about 50% of all breast
cancer cases) and are referred to as ‘BRCAX’ families [6–10]. These families may
carry a mutation in breast cancer genes that still need to be identified or in which the
increased breast cancer risk can be attributed by a combination of genetic alterations in
several low-penetrant genes whether or not in combination with environmental factors
[10,99,175].

CLINICAL APPLICATION
Early detection
Research from the last two decades has yielded important insights into the biological
characteristics of hereditary breast cancers. This knowledge has to some extent already
been translated into clinical practice and this will hopefully further expand in the near
future.
Identifying potential hereditary breast tumors is important as it necessitates not only
preventive interventions but also specific therapeutic measures, as chemosensitivity
for these tumors is different (see also below). Currently, eligibility for genetic testing
is based on clinical characteristics such as young age at tumor diagnosis, bilaterality
of tumors and positive family history for breast, Fallopian tube/ovarian and/or some
other types of cancer. Genetic testing is time consuming and expensive. For example,
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BRCA1 and BRCA2 are large size genes and are characterized by an absence of mutation
hotspots. Moreover, potential germline mutation carriers may be missed, since families
are nowadays small, the family history may be incomplete, and penetrance of mutations
is variable. Furthermore, for some identified BRCA1 and BRCA2 mutations it is
unclear whether they are pathogenic (so-called ‘unclassified variants’) [183]. This could
eventually lead to incorrect treatment for the patients and their relatives. For example,
patients aware of a possible hereditary breast cancer may choose for a therapeutic
mastectomy and contralateral prophylactic mastectomy instead of breast conserving
therapy. Therefore, it is highly relevant to identify specific clues in the tumor tissues for
a potentially hereditary origin of breast cancer. These so-called tumor signatures could
be used as tool for pre-selecting patients for genetic testing [3].
Previous studies have shown that morphological, immunohistochemical, and molecular
signatures could have potential in early detection of hereditary breast carcinomas and
interpretation of unclassified variants. Most research is performed on BRCA1- and
BRCA2-associated breast carcinomas, as they comprise the largest group of hereditary
breast cancers. Especially BRCA1-associated breast carcinomas form a quite distinctive
group from sporadic breast carcinomas being typically of high grade and basal-like
phenotype, whereas BRCA2- and other risk gene-associated breast carcinomas form a
more heterogeneous group and show many similarities with sporadic breast cancer (i.e.
lower grade and luminal phenotypes) [38,68].
Several studies have been performed investigating the association between molecular
breast cancer subtypes and hereditary breast cancer. This association is strongest with
triple-negative or basal-like breast cancer and BRCA1 germline mutations. About 20%
of triple-negative breast cancer patients have an underlying BRCA1 germline mutation
[184]. Using gene expression profiles, a prediction of BRCA1 or BRCA2 signature could
be made with high accuracy (82-87%), using a panel of 100 genes for BRCA1 and 110
genes for BRCA2 [39]. Array CGH studies also yielded BRCA1 and BRCA2 signatures
characterized by specific genomic gains and losses [185–188], yielding a sensitivity of
88% and specificity of 94% for BRCA1 [187], and a sensitivity of 89% and specificity
of 84% for BRCA2 [188]. A combination of morphological and immunochemical
characteristics has also been used to select patients for BRCA1 genetic testing, using a
combination of age, grade, ki67 proliferative activity, and expression of EGFR, MS110,
lys27H3, and vimentin [189,190]. However, a standardized method for detecting
hereditary breast carcinomas has not been developed yet.
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Therapeutic consequences
Breast cancer surveillance takes place through regular imaging. The age to start
screening depends on the risk level and varies between 25 and 40 years [191]. Screening
mammographies in patients <30 years old are not advised as ionizing radiation itself
is risk factor for breast cancer development and these patients usually have dense
breasts that makes mammography unreliable [192]. In very young patients, screening
is performed by MRI. Prophylactic treatment is advised from the age of 25 in high-risk
patients and consists of bilateral mastectomy, which reduces the risk of breast cancer
by almost 100% [193]. Especially in BRCA1 and BRCA2 germline mutation carriers,
it is advised to also undergo prophylactic salpingo-oophorectomy from the age of 35
[193,194].
Treatment for breast cancer includes (a combination of) surgery, radiotherapy,
chemotherapy, and hormonal therapy. Although usually mutation carriers choose to
undergo mastectomy and prophylactic mastectomy of the contralateral breast, these
patients can also be treated by conservative surgery (i.e. combination of lumpectomy
and radiotherapy), although data are scarce [195]. It is known that BRCA1- and BRCA2associated breast carcinomas show good radiosensitivity [195]. Above described
hereditary breast cancer signatures could also aid in selecting patients sensitive to
specific therapeutic options. For example, tumors with dysfunctional BRCA1 or
BRCA2, or BRCA1/2-like signature are very sensitive to specific DNA damaging agents
that cause DNA cross-linking, such as cisplatin, mitomycin-c, and diepoxybutane
[166,167,196,197]. This reflects the need of homologous recombination as a means to
repair the damage caused by these agents [17].
Moreover, understanding of the molecular mechanisms underlying breast cancer
predisposition genes may offer opportunities for new, targeted adjuvant and preventive
therapies. For instance, poly (ADP ribose) polymerase (PARP) inhibitors have been shown
to be especially effective in BRCA-deficient tumors with dysfunctional homologous
recombination. PARPs are enzymes involved in base excision repair. PARP inhibition
leads to single strand breaks that will turn into double strand breaks in replication forks.
To repair these double strand DNA breaks, homologous recombination is required to be
repaired, which in turns requires functional BRCA1 and BRCA2. Tumors cells deficient
in BRCA1 or BRCA2 protein will therefore show severe chromosomal instability, cell
cycle arrest and apoptosis when treated with PARP inhibitors [14,155]. Clinical trials
have shown the efficacy of PARP inhibitors in BRCA-deficient carcinomas [198,199].
Moreover, they might be interesting as a preventive treatment tool. A pre-clinical mouse
study has proven efficacy of PARP inhibitors in the prevention of breast carcinomas in
BRCA-deficient mice (unpublished data by our group).
42

Hereditary breast cancer syndromes: molecular pathogenesis and diagnostics

In the future, signatures based upon morphological, immunohistochemical and/or
molecular tumor characteristics that reflect the status of BRCA and other important
pathways in hereditary breast cancer may be developed that could aid in therapy
selection [17]. Moreover, these assays may also be applicable to sporadic breast cancer
as they may show deregulation of these pathways as well. For example, triple-negative
sporadic breast carcinomas, sporadic breast tumors with BRCA1 hypermethylation or
EMSY amplification may also benefit from therapies such as DNA cross-linking agents
and PARP inhibitors that require deficient homologous recombination.

CONCLUSION
In the past two decades, tremendous research has been performed on the
histopathological, immunohistochemical and molecular characterization of hereditary
breast cancer. This has yielded important knowledge on the biological processes
underlying hereditary breast cancer. In this review, an overview has been given on the
main breast cancer risk syndromes and their clinical and pathological characteristics.
BRCA1-associated breast cancers appear to be the most distinctive group, which can
nowadays fairly well be recognized. However, further research is needed, especially on
non-BRCA1 hereditary breast cancer risk syndromes to further improve detection of
at risk patients, risk estimation and selection of patients who will benefit from newly
developed targeted adjuvant and preventive therapies.
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ABSTRACT
Heredity, mostly due to BRCA germline mutations, is involved in 5-10% of all breast
cancer cases. Potential BRCA germline mutation carriers may be missed following
the current eligibility criteria for BRCA genetic testing. The purpose of this study was
to therefore develop an immunohistochemistry-based model to predict likelihood of
underlying BRCA1 and BRCA2 germline mutations in unselected female breast cancer
patients. The study group consisted of 100 BRCA1-related, 46 BRCA2-related, and 94
sporadic breast carcinomas. Tumor expression of 44 proteins involved in (BRCA-related)
breast carcinogenesis was assessed by immunohistochemistry. A prediction model for
BRCA-related versus non-BRCA-related breast cancer was developed using Lasso logistic
regression analysis with cross-validation. The model was assessed for its discriminative
value and clinical usefulness. The optimal prediction model included 14 predictors
(age, cyclinD1, ERα, ERβ, FGFR2, FGFR3, FGFR4, GLUT1, IGFR, Ki67, mitotic
activity index (MAI), MLH1, p120, and TOP2A), and showed excellent discriminative
performance (area under the receiving operating characteristic curve = 0.943 (95%CI:
0.909-0.978)), and reasonable calibration. To enhance possible implementation, we
developed an alternative model only considering more widely available immunostains.
This model included 15 predictors (age, BCL2, CK5/6, CK8/18, cyclinD1, E-cadherin,
ERα, HER2, Ki67, MAI, MLH1, p16, PMS2, PR, and vimentin), and still showed very
good discriminative performance (AUC = 0.853 (95%CI: 0.795-0.911)). We present
a well-applicable and accurate tool to predict which breast cancer patients may have
an underlying BRCA germline mutation, largely consisting of immunohistochemical
markers independent of clinical characteristics. This may improve identification of
potential BRCA germline mutation carriers and optimize referral for germline mutation
testing.
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INTRODUCTION
Five to 10% of breast cancer cases occur in a hereditary setting, mostly due to BRCA1
(17q21.31) or BRCA2 (13q13.1) germline mutations, causing a 40-80% lifetime risk of
developing breast cancer 1–7. Identifying potential hereditary breast tumors is important
as it has preventive and therapeutic consequences. Currently, eligibility for BRCA1
and BRCA2 genetic testing is based on clinical criteria, including young age at tumor
diagnosis, bilaterality of tumors, and positive family history for breast, ovarian/Fallopian
tube and other BRCA-related cancers. However, potential germline mutation carriers
may be missed using these criteria, since families are nowadays small, family history
may be incomplete, and penetrance of the mutations is variable. Genetic testing is timeconsuming and still quite expensive due to the large size of both genes, the absence of
mutation hotspots and frequent identification of variants of uncertain significance (up
to 20% of tests) 8–10. The estimated chance of missing BRCA germline mutation carriers
ranges from <5% up to 25% 11. This could eventually also lead to incorrect diagnosis and
under- (preventive) treatment for patients and their relatives.
The use of immunostains, whether or not in combination with clinical and/or
morphological characteristics, may be a less expensive and faster method to predict the
likelihood of underlying BRCA mutations and may be used as a pre-selection tool for
genetic referral at the time of pathology diagnosis. Previous studies have yielded clues
for the microscopic detection of BRCA germline mutation-related breast cancers on the
basis of morphologic and immunohistochemical features of the tumor tissue, especially
for BRCA1-related breast cancer. BRCA1-related breast carcinomas are frequently high
grade ductal carcinomas, and negative for ERα, PR, and HER2 12–21. They frequently
express basal markers, such as CK5, CK14 and EGFR, and hypoxia markers, like HIF1α,
GLUT1, and CAIX 16,22,23. They rarely express luminal markers, such as CK8/18, or
ER-associated proteins, like BCL2, p27 and cyclinD1 24–26. Most BRCA2-related breast
carcinomas, however, have a phenotype fairly similar to sporadic breast carcinomas.
They are usually intermediate to high grade ductal carcinomas with expression of
hormone receptors and rarely HER2 overexpression 12–15,17–21,27. They frequently show
expression of luminal cell markers and ER-associated proteins 18,25. Overexpression of
FGF1 and FGFR2 has also been reported 27. Few studies have however tried to develop
a prediction model based upon these differences between BRCA-related and sporadic
breast carcinomas, especially with regard to BRCA2-related breast carcinomas 21,22,28–30.
Therefore, the aims of this study were to perform comprehensive immunohistochemical
profiling of BRCA-related as well as sporadic female breast carcinomas and to use these
data to develop a tool to predict likelihood of underlying BRCA1 and BRCA2 germline
mutations in these patients.
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MATERIAL AND METHODS
Patient samples
A (cross-sectional) case-control study was performed using a total of 100 BRCA1-related
and 46 BRCA2-related breast carcinoma tissues, all formalin-fixed paraffin-embedded
(FFPE). These tissues were obtained between 1981 and 2012, and collected from the
archives of the UMC Utrecht, UMC Groningen, the Familial Cancer Clinic of the VUmc
Amsterdam, and of local hospitals around Utrecht. BRCA status was confirmed through
mutation analysis at a Medical Genetics department within the Netherlands. A set of
94 clinically sporadic breast cancer specimens (FFPE), randomly obtained between
1993 and 2005, was collected from the archive of the UMC Utrecht to serve as controls.
Sporadic cases were unselected for age or family history. Since coded archival pathology
specimens were used, no ethical approval or specific prior informed consent was required
according to Dutch legislation (Human Tissue and Medical Research: Code of conduct
for responsible use 2011, available from: https://www.federa.org/code-goed-gebruikvan-lichaamsmateriaal-2011). All tissues were revised and morphological features (e.g.
tumor type and grade) were assessed by one experienced breast pathologist (P.J.v.D.),
blinded to mutation status. Grading was performed according to the modified Bloom
and Richardson grading system 31. The mitotic activity index (MAI) was defined as the
total number of mitotic figures counted in an area of 2 mm2 32.
Immunohistochemistry
The expression of 44 proteins selected for their importance in breast carcinogenesis,
association with triple negativity of ERα, PR, HER2 or association with DNA repair
mechanisms was investigated by immunohistochemistry. For this, two tissue microarray
blocks containing BRCA1/2-related breast cancer cases and one tissue microarray
containing sporadic cases were used. The BRCA1/2-related cases were supplemented by
whole-slides. For each staining experiment, appropriate positive and negative controls
were included. The scoring was performed by consensus of two observers (P.J.v.D and
S.V.), blinded to mutation status. See Supplementary Information 1 for an overview of
all immunohistochemical markers as well as staining and scoring protocols.
Statistical analysis
First, univariable associations between clinicopathological characteristics and
mutation status were assessed by the Kruskal-Wallis test for continuous predictors.
For categorical predictors either the Pearson Chi-square test or Fisher’s exact test were
used. For primary predictor selection, correlations between predictors were tested
using the Kendall’s Tau Rank correlation coefficient. Of highly correlated predictors
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(correlation coefficient: > |0.75|), only one was selected for further multivariable
modeling. The database had 5% missing data with 80% complete cases, originating
from the fact that tissue blocks of some cases ran out of usable tumor tissue during the
study. Missing data were handled by multiple imputation with 25 iterations and good
convergence as before 33–36. This yielded 10 imputed datasets. Least Absolute Shrinkage
and Selection Operators (Lasso)-based logistic regression analysis was used to identify
a panel for distinguishing BRCA1/2-related from sporadic breast carcinomas, as this
method is suitable for regression with high-dimensional data with a relatively high
number of predictors in comparison to cases and protects against overfitting 37–40.
Sporadic breast cancer cases were weighted with factor 30 to obtain a representative
cohort with a ~5% prevalence of BRCA1/2-related breast cancers similar to the general
breast cancer patient population. An optimal prediction model considering all primary
selected predictors was developed as well as an alternative model using only clinical,
morphological, and immunohistochemical stainings commonly available in pathology
laboratories. Further details on the Lasso-based logistic regression analysis can be found
in Supplementary Information 2. Based upon the logistic regression analysis results,
immuno-based prediction tools were built to predict individual probability of BRCA1/2
germline mutations. Calibration curves were plotted to assess whether model-derived
predicted probabilities approximate actual probabilities. Accuracy measure curves were
developed by applying this prediction tool to our full dataset to show the apparent effect
of using different probability thresholds on identifying underlying BRCA mutations
(i.e. sensitivity, specificity, negative predictive value (NPV) and positive predictive value
(PPV)). Results across multiple imputation datasets were combined using Rubin’s rules.
Data were analyzed in IBM SPSS statistics v23.0 (SPSS Inc, Chicago, Illinois, USA) and
R software, v3.3.1. The following R packages were used: “mice” for multiple imputation,
and “glmnet” for Lasso logistic regression analysis. Two-sided P < 0.05 was used as
threshold for statistical significance. The reporting of this study was done according to
the Transparent Reporting of a multivariable prediction model for Individual Prognosis
or Diagnosis (TRIPOD) statement guideline 41,42.

RESULTS
Patient characteristics
Characteristics of the investigated 100 BRCA1-, 46 BRCA2- and 94 sporadic breast
carcinomas are shown in Table 1. BRCA1/2-related breast carcinomas were more
frequently ductal breast cancers of high-grade compared to sporadic breast carcinomas
(tumor type: p = 0.037; grade: p = 0.001) (Table 1). The majority of BRCA1-related breast
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carcinomas were negative for ERα, PR, and HER2, whereas BRCA2-related and sporadic
breast carcinomas were more often positive for ERα and PR and negative for HER2 (all p
< 0.05) (Table 1). BRCA1/2-related breast carcinomas presented at a significantly lower
median age compared to sporadic cancers (p < 0.001).

Table 1. Patient characteristics
BRCA1

No.

BRCA2

n

%

100

41.7

n

Sporadic
%

46

19.2

n

p-value
%

94

39.2

Age
Median
Range

<0.001*
42

48.5

58

21-80

21-69

28-88

Tumor type

0.037*

Ductal

88

94.6

41

91.1

75

81.5

Lobular

4

4.3

3

6.7

9

9.8

Ductulo-lobular

1

0.1

1

2.2

8

8.7

Other

7A

1B

2C

Grade

0.001*

1

3

3.0

0

0.0

9

9.6

2

18

18.0

17

37.0

33

35.1

3

79

79.0

29

63.0

52

55.3

MAI
Median
Range

0.016*
21.5

17

14

0-134

0-85

0-196

ERα

<0.001*

Negative

74

74.0

12

26.1

16

17.0

Positive

26

26.0

34

73.9

78

83.0

Negative

83

83.0

26

56.5

38

40.4

Positive

17

17.0

20

43.5

56

59.6

Negative

97

98.0

43

93.5

83

88.3

Positive

2

2.0

4

6.5

11

11.7

Missing

1

PR

<0.001*

HER2

0.025*

0

0

* Statistically significant (2-sided p-value < 0.05). MAI: mitotic activity index.
Tests used: Pearsons’ Chi-Square test (ERα, PR); Fisher’s exact test (grade, tumor type, HER2); Kruskal-Wallis
test (age, MAI).
A
2 metaplastic carcinomas, 4 medullary carcinomas, 1 basaloid carcinoma. B 1 metaplastic carcinoma. C 1
metaplastic carcinoma, 1 mucinous carcinoma.
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Primary predictor selection
Correlations between predictors were tested using the Kendall’s Tau Rank correlation
coefficient for predictor selection (Supplementary Information 3). Fourteen predictors
were excluded (correlation coefficient > |0.75|). These consisted of predictors that were
scored by 2 or more methods, of which 1 or 2 methods were excluded. For example, ERα was
scored as a continuous predictor (absolute percentage of cells showing nuclear staining)
and as a categorical predictor (negative when <10% of cells showed nuclear staining;
positive when ≥10% of cells showed nuclear staining). The categorical predictor was
excluded, and the continuous predictor was selected for prediction model development.
Of note, no strong correlations between age and other predictors were seen in sporadic
breast carcinomas. At the end, 48 predictors (4 clinicopathological characteristics and
44 immunostains) were selected for optimal prediction model development and 21
predictors (4 clinicopathological characteristics and 17 immunostains) for alternative
prediction model development based on readily available predictors in clinical practice
(Table 2A-B, Supplementary Information 3).

Table 2A. Variables selected for optimal prediction model development
Clinicopathological variables

Age

MAI

Immunostains

Grade

Tumor type

BCL2

HER2

BMI1

HIF1α

CAIX

IGFR

CK5/6

Ki67

CK8/18

MLH1

CK14

MSH2

CyclinA

MSH6

CyclinD1

p120

CyclinE

p16

E-cadherin

p21

EGFR

p27

ERα

p53

ERβ

p63

EZH2

P-cadherin

FANCD2

PMS2

FGF1

PPh3

FGFR1

PR

FGFR2

PTEN nuclear

FGFR3

TOP1

FGFR4

TOP2A

GLUT1

Vimentin
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Optimal prediction model
At the cross-validation-derived optimal penalty, Lasso logistic regression analysis of the
full dataset identified 14/48 predictors with regression coefficients > |0.05|, which could
distinguish BRCA1/2-related from sporadic breast carcinomas: age, cyclinD1, ERα,
ERβ, FGFR2, FGFR3, FGFR4, GLUT1, IGFR, Ki67, MAI, MLH1, p120, and TOP2A
(Figure 1A, Supplementary Information 4A). The 10 imputation datasets showed good
agreement with respect to the weights of predictors (Supplementary Information 4A).
The final model could discriminate BRCA1/2-related from sporadic breast carcinomas
with a cross-validation area under the receiving operating characteristic curve
(AUC) of 0.943 (95%CI: 0.909-0.978) (Figure 1A). In Supplementary Information 5,
an Excel-tool based upon this prediction model is provided. In Figure 2 an example
case is shown on which the prediction model is applied to predict the chance of the
case being BRCA1/2-related. The cross-validation calibration curve for the probability
of BRCA1/2-related breast cancer showed an overall reasonable agreement between
prediction and observation (Figure 3A), with an overestimation of the risk of BRCA
germline mutations at higher predicted probabilities, and a good agreement for patients
with a predicted risk of less than 10%. In those patients, the average predicted BRCA
germline mutation risk was 1.4% whereas the actual risk was 0.6%.

Figure 1. Area under the receiver operating characteristic curve (AUC) of the cross-validated optimal (A) and
alternative (B) Lasso prediction models
Legend: The area under the receiver operating characteristic curve (AUC) of the cross-validated optimal (A) and
alternative (B) Lasso model at the optimal lambda value. The black line is drawn at the optimal 10-imputation
datasets averaged value.
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Figure 1. Area under the receiver operating characteristic curve (AUC) of the cross-validated optimal (A) and
alternative (B) Lasso prediction models
Legend: The area under the receiver operating characteristic curve (AUC) of the cross-validated optimal (A) and
alternative (B) Lasso model at the optimal lambda value. The black line is drawn at the optimal 10-imputation
datasets averaged value.

When we applied the final model to our full dataset with a 10% predicted probability
threshold, 10% of patients were deemed to be at high risk of a BRCA germline mutation,
with a positive predictive value of 45%, a negative predictive value of 99%, and 90%
sensitivity (Figure 4A). At a 20% threshold, these values were 5%, 76%, 99%, and 83%
(Figure 4A). Thus, when a higher threshold is taken for, for instance, referral to clinical
genetics, the negative predictive value stays as high as 99% while the sensitivity does
no drop below 80%. In other words, the number of patients who will be referred will
decrease while the yield for detecting BRCA1/2 germline mutations would increase.
Of note, a relaxed Lasso logistic regression analysis was also performed to investigate
whether the number of predictors could be further decreased, but this yielded the same
set of predictors (data not shown) 43.
Alternative prediction model
For this analysis, only clinical, morphological and immunohistochemical stainings
commonly available in pathology laboratories were used (Table 2B). Lasso logistic
regression analysis identified 15/21 predictors with regression coefficients > |0.05|, that
could distinguish BRCA1/2-related from sporadic breast carcinomas: age, BCL2, CK5/6,
CK8/18, cyclinD1, E-cadherin, ERα, HER2, Ki67, MAI, MLH1, p16, PMS2, PR, and
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Table 2B. Variables selected for alternative prediction model development
Clinicopathological variables

Immunostains

Age

MAI

Grade

Tumor type

BCL2

MSH2

CK5/6

MSH6

CK8/18

p16

CyclinD1

p53

E-cadherin

p63

ERα

PMS2

HER2

PR

Ki67

Vimentin

MLH1

vimentin (Figure 1B, Supplementary Information 4B). The model that was developed
based upon this regression analysis could discriminate BRCA1/2-related from sporadic
breast carcinomas with a cross-validation AUC of 0.853 (95%CI: 0.795 -0.911) Figure
1B). In Supplementary Information 5, an Excel-tool based upon this prediction model
is provided. In Figure 5 an example case is shown on which the prediction model is
applied to predict the chance of the case being BRCA1/2-related. The cross-validation
calibration curve indicated considerable overestimation of risk at higher predicted
probabilities (Figure 3B), but – as for the optimal model – good agreement for patients
with a predicted risk of less than 10% (average predicted versus observed risk: 1.9%
versus 1.7%). BRCA1-related breast carcinomas can be distinguished more accurately
with this model from sporadic breast carcinomas than BRCA2-related cancers.
When we applied this alternative model to our full dataset with a 10% predicted
probability threshold, 12% of patients were deemed to be at high risk of a BRCA germline
mutation, with a positive predictive value of 32%, a negative predictive value of 99%,
and 78% sensitivity (Figure 4B).
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Figure 2. Example case using the optimal prediction model
Legend: Application of the optimal prediction model to one of our study cases, an invasive ductal carcinoma from a
39-year-old with a mitotic activity index of 37. A: Hematoxylin-and-eosin staining. B: CyclinD1 (1%). C: ERα (0%).
D: ERβ (35%). E: FGFR2 (score 1). F: FGFR3 (score 1). G: FGFR4 (score 0). H: Glut1 (score 1). I: IGFR (score 0).
J: Ki67 (75%). K: MLH1 (score 150: 75% * score 2). L: p120 (score 2). M: TOP2A (90%). Applying the prediction
model, the predicted risk of this tumor to be BRCA1/2 germline mutation-related was 0.95. This patient was known
to have a BRCA1 germline mutation.
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Figure 3. Calibration curve for the optimal (A) and alternative (B) prediction models.
Legend: The estimated probability of BRCA1/2-related breast cancer is plotted on the x-axis; the observed
BRCA1/2-related breast cancer probability is plotted on the y-axis. The diagonal grey line represents perfect
calibration. The solid black curved line depicts the cross-validated calibration of the optimal (A) and alternative
(B) prediction model. The orange circles represent the average predicted and observed risks for those below
and above the 10% threshold (shown as a vertical grey reference line), which would be a clinically reasonable
threshold for selecting patients for further clinical genetics analysis. At the bottom, the histograms for sporadic
cases are shown in green. At the top, the histograms for BRCA1-related cases (red) and BRCA2-related cases
(blue) are shown.
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Figure 4. Accuracy measures curves for the optimal (A) and alternative (B) prediction models across various
probability thresholds
Legend: The estimated proportion of positive cases, sensitivity, and positive predictive value (left y-axis) as well
as negative predicted value (right y-axis) are plotted against different predicted probability thresholds (x-axis). The
proportion of positive cases is depicted by the black line, the sensitivity by the brown line, the positive predictive
value by the blue line, and the negative predictive value by the green line as observed in the development dataset.
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Figure 5. Example case applying the alternative prediction model
Legend: Application of the alternative prediction model to the same case with a BRCA1 germline mutation as
in figure 2. A: Hematoxylin-and-eosin staining. B: BCL2 (score 2). C: CK5/6 (score 1). D: CK8/18 (score 3). E:
CyclinD1 (1%). F: E-cadherin (score 1). G: ERα (0%). H: HER2 (score 0). I: Ki67 (75%). J: MLH1 (score 150: 75%
* score 2). K: p16 (score 3). L: PMS2 (score 150: 75% * score 2). M: PR (0%). N: Vimentin (score 1). Applying the
alternative model, the predicted risk of this tumor to be BRCA1/2 germline mutation-related was 0.58.
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DISCUSSION
We developed an immunohistochemistry-based prediction model to identify BRCA
germline mutation-related breast carcinomas, which is based upon 14 predictors (age,
cyclinD1, ERα, ERβ, FGFR2, FGFR3, FGFR4, GLUT1, IGFR, Ki67, MAI, MLH1,
p120, and TOP2A) with excellent discriminative performance (AUC = 0.943). This
model could be used as a pre-selection tool for germline mutation testing. If of the
immunohistochemical stainings, only the ones that are commonly available in pathology
laboratories were preselected, the resulting prediction model still showed a very good
discriminative performance (AUC = 0.853).
To our knowledge, this is the most comprehensive immunohistochemical profiling
study in BRCA1/2-related breast carcinomas, resulting in the most accurate immunobased prediction model so far (see Table 3 for comparison with models published in
literature) 22,28–30,44. Hassanein et al. (2013) performed regression analysis based on 21
immuno-markers. Their final model, including grade, hormone receptors, BRCA1,
Lys27H3, vimentin, and Ki67 had a sensitivity of 0.83 and specificity of 0.85 28. Looking
at the AUC, the discrimination of our model is better than models based on clinical
predictors such as age and family history 45–47, comparable to prediction models based
upon copy number alterations and gene expression 48–50, and slightly less discriminatory
than a whole-genome sequencing-based model 51. In line with previous literature,
BRCA1-related breast carcinomas can be distinguished more accurately and easier from
sporadic breast carcinomas than BRCA2-related cancers 21,22.
Although in recent years several molecular BRCA prediction models have been developed,
we believe that there still is a niche for immunohistochemistry-based applications in
the current era of advancing genomics or other molecular analysis applications. When
compared to genomics or other molecular models, immunohistochemistry-based
tools could be easier applied to archival FFPE patient material with degraded DNA/
RNA. Currently and for the near future, immunohistochemistry-based models are less
expensive compared to genetic analyses and could therefore be useful to apply as a first
screen for BRCA germline mutations, in clinical as well as research settings. Another
advantage is that immunohistochemistry does not have the risk of unsolicited genetic
findings such as in large-scale genetic sequencing analyses.
Of several selected predictors (e.g. age, ERα, Ki67, MAI) it is well-known that they show
differences between BRCA-related and sporadic breast carcinomas 13,16,18,20,52. Moreover,
lower levels of cyclinD1 have been reported in BRCA1 and BRCA2-related breast cancers

69

3

PART 1 | CHAPTER 3

compared to sporadic breast carcinomas 18. ERβ expression is observed frequently in
BRCA1/2-related breast carcinomas (in one study even more frequently compared to
sporadic breast carcinomas), whereas most BRCA1-related breast carcinomas do not
show ERα expression 53,54. BRCA2-associated cancers showed higher FGFR2 expression
compared to BRCA1-associated breast carcinomas 27. GLUT1 expression is regulated
by hypoxia via HIF-1α, which is known to be overexpressed in BRCA1-related breast
carcinomas 23,55,56. Other markers (e.g. FGFR3, FGFR4, IGFR, MLH1, p120) have been
suggested to play a role in breast cancer development, progression, and/or survival, but
associations with BRCA germline mutations remain unclear 57–67.
The current study looked at a broad, unselected group of BRCA1/2-related and sporadic
breast carcinomas. It might be more efficient and (cost-)effective to use this tool for a
more specific patient group that is however broader than the current eligibility criteria
for genetic testing, e.g. breast cancer patients <50 years old instead of having no age
restrictions. Of note, some of the cancers in the BRCA1/2 germline mutation carriers
may have been due to baseline sporadic carcinogenesis. Conversely, the presence of
germline mutations cannot be ruled out in our sporadic breast cancer cases as they did
not undergo germline mutation testing. In our study, we identified a few sporadic breast
cancer cases with a predicted high probability of being BRCA1/2-related. Because of
ethical concerns we could not investigate this further. Moreover, sporadic breast cancer
cases could harbor mechanisms of BRCA deficiency other than germline mutations,
such as promoter hypermethylation (BRCA1: 11-14%; BRCA2: 0-9%) 68–73 or somatic
BRCA1/2 mutations (<5%), also known as BRCAness 74–77. Our model might be useful for
predicting BRCAness, which is becoming more and more important in clinical practice
with respect to therapy regimens (e.g. high dose chemotherapy and PARP-inhibitors).
Further research is needed to find out for which group of breast cancer patients this
prediction model will be (most) useful. Also, careful evaluation of the benefits and
harms in decision making for BRCA1/2 mutation testing is necessary. Its consequences
and influence on the well-being of breast cancer patients, who eventually do not have a
BRCA germline mutation, should not be taken lightly 78–80.
Limitations of this study relate to the limited sample size, especially in view to the
number of predictors. Because of this, the Lasso regression analysis was used, to be
able to select an optimal set of predictors in a relatively sparse data set. We performed
multiple imputation because of 5% missing data. A potential bias that smaller tumors
were more likely to have missing data cannot be ruled out. However, tumor size has not
been reported to be associated with BRCA status. Furthermore, our model has not been
externally validated, and especially our accuracy estimates that were based on the full
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9
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n BRCA2

NA
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NA
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NA
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328

3.356

47.565

NA

109

104 + 184#

81 + 28#

NA

NA

NA
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familial

0.67

NA

Age, family history
(BRCAPRO, Myriad II)
Grade, hormone receptors,
BRCA1, Lys27H3,
Vimentin, Ki67

Age, ER, PR, HER2

ER, PR, HER2

ER, CK5/6, CK14

ER, CK5/6

NA

NA

0.87

0.77

NA

0.74-0.76

Age, family history
(BRCAPRO, Manchester,
Penn, Myriad-Frank
models)

RAD51, CHEK2

0.65-0.78

AUC

Age, family history
(BRCAPRO,
BRCAPROLYTE,
BRCAPROLYTE-Plus,
BRCAPROLYTE-Simple)

Predictors in final
model

0.57-0.67

1

NA

0.56

0.81

0.83

0.48-0.5

0.69-0.89

0.46-0.72

SE

Table 3. Performance of our prediction model for BRCA1/2-related breast cancer in comparison with models published in literature
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NA
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dataset at hand may be overoptimistic, but at least our internal cross-validation steps
yielded promising results.
To conclude, this study presents an accurate tool to predict which breast cancer
patients may have an underlying BRCA germline mutation, consisting largely of
immunohistochemical markers, independent of clinical characteristics. This may
improve identification of potential BRCA germline mutation carriers and optimize
referral for germline mutation testing. Further research is however needed for validation
of our model in the target population(s) and adequate implementation in clinical
practice.

SUPPLEMENTARY FILES
Supplementary files are available online.
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ABSTRACT
Background
In breast cancer, BRCA promoter hypermethylation and BRCA germline mutations
are said to rarely occur together, but this property has not yet been translated into a
clinical test. Our aim was to investigate the diagnostic value of BRCA1/2 methylation
in distinguishing breast carcinomas of BRCA1 and BRCA2 germline mutation carriers
from sporadic breast carcinomas using a recently developed BRCA methylation assay
based on Methylation-Specific Multiplex Ligation-dependent Probe Amplification
(MS-MLPA).
Methods
MS-MLPA was performed to assess BRCA1 and BRCA2 methylation in breast carcinoma
tissues from 39 BRCA1 and 33 BRCA2 germline mutation carriers, and 80 sporadic
breast cancer patients as well as normal breast tissues from 5 BRCA1 and 4 BRCA2
mutation carriers and 5 non-mutation carriers.
Results
Methylation frequencies varied considerably between CpG sites across the BRCA1 and
BRCA2 promoters. Some CpG sites were methylated more frequently in BRCA1/2related compared to sporadic carcinomas, whereas other CpG sites were methylated
more frequently in sporadic carcinomas with large variances in sensitivity and specificity
as a consequence.
Conclusions
The diagnostic value of BRCA promoter methylation analysis in distinguishing
BRCA1/2-related from sporadic breast carcinomas seems to be considerably dependent
on the targeted CpG sites. These findings are important for adequate use of BRCA
methylation analysis as a pre-screening tool for BRCA germline genetic testing, or to
identify BRCAness patients who may benefit from targeted therapies such as PARP
inhibitors.
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BACKGROUND
Breast cancer is the most frequent cancer type in women worldwide [1]. In about
5-10%, breast cancer occurs in a hereditary setting, most commonly due to BRCA1 or
BRCA2 germline mutations which lead to a 40-80% lifetime risk of developing breast
cancer as well as a 30-40% lifetime risk of ovarian cancer development [2–8]. Promoter
hypermethylation plays an important role in carcinogenesis of several organs, including
the breast, as hypermethylation of CpG sites in promoter regions may lead to downregulation of tumor suppressor genes [9–15]. It has been proposed in literature that
BRCA promoter hypermethylation takes place almost exclusively in the sporadic setting
and only rarely occurs in patients with an underlying BRCA1 or BRCA2 germline
mutation [16–26]. This is potentially clinically important, since promoter methylation
assays could then serve as a pre-screening test when a hereditary nature is suspected,
obviating the need for germline mutation analysis in case of promoter methylation.
However, for routine testing more confirmation is mandatory, e.g. with regard to the
best CpG sites to target, and a robust assay needs to be at hand that works on small
amounts of fragmented DNA from formalin-fixed paraffin-embedded (FFPE) tumor
material. The latter is also important in view of the growing need to test for BRCA1 and
BRCA2 (BRCA1/2) promoter methylation as a sign of BRCAness, which may provide
an indication for treatment with poly ADP ribose polymerase (PARP) inhibitors [27–
31]. Methylation-Specific Multiplex Ligation-dependent Probe Amplification (MSMLPA) is a rapid, robust, and inexpensive multiplex methylation test that works well
on small amounts of DNA derived from FFPE tissues. The aim of this study was to
investigate the diagnostic value of BRCA1/2 promoter methylation in distinguishing
breast carcinomas from BRCA1 and BRCA2 germline mutation carriers (BRCA1/2related breast carcinomas) and sporadic breast carcinomas using a recently developed
BRCA methylation MS-MLPA assay. In other words, to what extent can BRCA1/2
promoter methylation be detected in BRCA1/2-related in comparison to sporadic breast
carcinomas?

METHODS
Patient material
FFPE tissues of 39 BRCA1 and 33 BRCA2 germline mutation-related breast cancer
resection specimens (BRCA1/2-C) were derived from the pathology archives at the
University Medical Center Utrecht, University Medical Center Groningen, VU University
Medical Center Amsterdam, and at local hospitals around Utrecht. Also, FFPE tissues
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of prophylactic mastectomy specimens of 5 BRCA1 and 4 BRCA2 germline mutation
carriers (BRCA1/2-N) were derived from the pathology archives of the University
Medical Center Utrecht. BRCA status had been confirmed through mutation analysis
at a Medical Genetics department within the Netherlands after informed consent.
For comparison, FFPE tissue of 80 breast cancer resection (Sporadic-C) and 5 breast
reduction samples (non-BRCA-related-N) from women not tested for a BRCA mutation
were derived from the pathology archive of the University Medical Center Utrecht.
These women did not receive BRCA germline mutation testing as there was no clinical
suspicion of a hereditary nature. No further in- or exclusion criteria were applied. From
the tissue blocks, 4 μm thick sections were cut and stained with haematoxylin & eosin.
Tumor characterization, grading according to the modified Bloom and Richardson
grading system [32], and scoring of immunohistochemical stainings were performed
by an experienced breast pathologist (PJvD), blinded to mutation status. Estrogen
receptor (ER) and progesterone receptor (PR) immunohistochemical stainings were
considered positive when ≥10% of the tumor cells showed expression, regardless of
intensity. Human Epidermal Growth Factor Receptor 2 (HER2) was scored according
to the DAKO Herceptest scoring system for breast cancer with which only a 3+
score was considered positive (DAKO, Glostrup, Denmark). The clinicopathological
characteristics are provided in Table 1.
DNA isolation
Normal breast and breast cancer tissues were harvested from 10x 10 μm thick and
4x 4 μm thick tissue sections, respectively. Areas with necrosis, pre-invasive lesions,
and extensive inflammation were avoided. DNA isolation was performed by overnight
incubation at 56° C in lysis buffer (50mM Tris-HCl, pH 8.0 and 0.5% Tween 20) with
proteinase K (10 mg/ml, Roche, Basel, Switzerland). Proteinase K was deactivated by
boiling for 10 min. After centrifugation for 2 min at 14.000 rpm, the supernatant was
collected for further analysis. DNA content was measured using the Nanodrop ND1000 spectrophotometer (Thermo Scientific, Wilmington, Delaware, USA).
Methylation analysis
Five μl supernatant with a DNA concentration between 50 and 500 ng/μl was used
for MS-MLPA analysis according to the manufacturer’s instructions, using the
ME053 BRCA1-BRCA2 X1-0914 methylation assay (MRC-Holland, Amsterdam, the
Netherlands). When the DNA concentration exceeded 500 ng/μl, the input volume
was adjusted proportionally. The ME053 methylation assay contains 3 and 4 probes to
detect BRCA1 and BRCA2 promoter methylation, respectively, enabling methylation
status determination of 3 CpG sites in the BRCA1 and 5 CpG sites in the BRCA2
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Table 1. Clinicopathological characteristics of included breast samples

BRCA1-C

No.

BRCA2-C

Sporadic-C

BRCA1-N

BRCA2-N

Non-BRCArelated-N

n

%

n

%

n

%

n

%

n

%

n

%

39

23.5

33

19.9

80

48.2

5

3.0

4

2.4

5

3.0
9.56·10-9*ǂ

Age
Median

43

46

58

31

36.5

22

Range

30-80

21-69

29-86

29-33

35-38

18-52

Grade

p-valueA

0.549B

0.00007*ǂǂ

C

1

0

1

3.0

20

25.3

2

9

23.1 10

0.0

30.3

25

31.6

3

30

76.9 22

66.7

34

43.0

Ductal

34

87.2 29

87.9

69

86.3

Lobular

2

5.1

2

6.1

10

12.5

Other

3

7.7

2

6.1

1

1.3

4
0.230 ǂǂ

Tumor type

0.0004*ǂǂǂ

ER
Negative

26

66.7

8

24.2

23

28.8

Positive

13

33.3 25

75.8

57

71.3

Negative

29

74.4 17

51.5

30

37.5

Positive

10

25.6 16

48.5

50

62.5

0.001*ǂǂǂ

PR

0.68ǂǂ

HER2
Negative

38

Positive

1

97.4 32
2.6

1

97.0

75

93.8

3.0

5

6.3

A
Testing BRCA1-C and BRCA2-C together against Sporadic-C. B Testing BRCA1-N and BRCA2-N
together against non-BRCA-related-N. C Of 1/80 sporadic breast cancer cases, the grade was unknown.
ǂ
Mann-Whitney test; ǂǂ Fisher’s Exact test; ǂǂǂ Pearson Chi-Square test; * statistically significant (2-sided p-value
<0.05).

promoter region (see Table 2 and Figure 1 for further details). The MS-MLPA principle
and analysis procedure have been described elsewhere [33] and the technique has been
shown to be reliable for methylation assessment [33–37]. 100% methylated samples (SssI
methyltransferase-treated MDA-MB-231 and A549 cells) were used as positive controls
and normal peripheral blood samples as negative controls. No template controls were
included as well. Moreover, the methylation assay included 2 digestion (methylation)
control probes.
The Coffalyser.net software was used for methylation data analysis (MRC-Holland).
Quality control showed that the results of the control probes and control samples
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BRCA1.1

BRCA1.2

BRCA1.3

BRCA2.1

BRCA2.2

BRCA2.3

BRCA2.4

BRCA1

BRCA1

BRCA1

BRCA2

BRCA2

BRCA2

BRCA2

217

160

149

130

252

230

165

Length

13q13.1

13q13.1

13q13.1

13q13.1

17q21.31

17q21.31

17q21.31

position

Chromosome

GTCACGGCGTCACGTGGCCA
GCGCGGGCTTGT

TGCGTGTCGC

GCGCGGGAATTACAGA

CTTCCGGGTGGTGCGTGTGC

GGTTTCCGTGGCAACGGAAAA

AGCGGTAGCCCCTT

GTCCCAGTCCAGCGTGG

CCTCTGAGAGGCTGCTGCTT

GGGACGAGCGCGTCTTCCGCA

AGTGGGTT

TGTGGCACTGCT

TGCGGGTTAGTGGTGGTGGT

GGCGGCAGAGGCGGAGCCGC

CTGAAACTA

TGCTCTGGGTAAAGGT

CCATCTTGTGGCGCGAGCTT

GCTCAGGAGGCCTTCACCCTC

GGGCCCCTGC

GCAGTCGCAGTTT

GTGGGGTTTCTCAGATAACT

GTCTCAGCGAGCTCACGCCGC

AGCCTGTCCCCCGTCCAGGAA

GCGCGGGAATTACAGA

CATGCATCTGAGAAACCCCAC

GGTTTCCGTGGCAACGGAAAA

AGCGGTAGCCCCTT

3’ probe

CCTCTGAGAGGCTGCTGCTT

5’ probe

32889557

32889665

32889801

32889614

41277286

41277407

41277415

Start

32889618

32889746

32889865

32889670

41277352

41321886

41277483

End

2889608

32889683

32889672 +

32889836

32889621

41277323

41277395

41277429

CpG site

NA

NA

NA

NA

cg08993267

cg16630982

cg04110421

CpG loci ID

The chromosomal locations are based upon GRCh37/hg19. The first nucleotides of the 5’ probe may not be complementary to the target DNA as it contains the stuffer
sequence. The CpG loci ID are as determined by the Infinium Human Methylation 450 Bead Chip Array (Illumina, San Diego, California, USA). NA = not available.

Probe ID

Gene

Table 2. Methylation probe characteristics of the MS MLPA assay ME053 BRCA1-BRCA2 X1-0914 MRC-Holland
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BRCA1

CpG site locations

CpG island

9,000

8,500

8,000

7,500

41,277,429
41,277,395
41,277,323

7,000

Start exon 1

6,500

6,000

Genomic location GRCh37/hg19 (chr17:41,279,000-41,276,000)

CpG site locations

BRCA2

CpG island

90,200

90,000

89,800

89,600

32,889,836
32,889,672 + 32,889,683
32,889,621
32,889,608

89,400

89,200

4
89,000

Genomic location GRCh37/hg19 (chr13:32,890,200-32,889,000)

Figure 1. Overview of the targeted CpG sites in the BRCA1 and BRCA2 promoter region by MS-MLPA analysis

were adequate. The methylation percentage cut-off per probe was set at the highest
methylation percentage value in normal breast tissues from non-mutation carriers
(non-BRCA-related N), ranging from >15 to >19% (see also Figure 2). Moreover, the
cumulative methylation index (CMI) was calculated as the sum of the methylation
percentage of all methylation probes. MS-MLPA analysis was performed by SV and
CBM, blinded to mutation status.
Statistical analysis
Statistical analyses were performed using IBM SPSS statistics v23.0 (SPSS Inc, Chicago,
Illinois, USA). Associations between absolute methylation percentages, CMI or age,
and mutation status (BRCA1/2-related carcinomas versus sporadic carcinomas) were
assessed by the Mann-Whitney U test. Associations between dichotomized BRCA
promoter methylation and mutation status or other clinicopathological characteristics
were assessed by the Pearson Chi-square or Fisher’s exact test. Sensitivity and specificity
were calculated. Correlations between CMI and age were assessed using the Spearman
rho’s correlation coefficient. The level of significance used was set at two-sided p < 0.05.
Correlation between BRCA1/2 methylation and mRNA expression
The Wanderer tool was used to assess the correlation between BRCA1/2 methylation
and mRNA expression. This tool was created based upon data from the TCGA Research
Network [38]. The 450k Methylation Array was selected as methylation data type and
Spearman correlation coefficient as correlation method.
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RESULTS
BRCA1 promoter methylation in BRCA1/2-related and sporadic breast carcinomas
The absolute methylation percentages and their distribution varied considerably
between the three BRCA1 methylation probes (Table 3, Figure 2). For the BRCA1.2
and BRCA1.3 probes, BRCA1/2-C showed significantly higher median methylation
percentages compared to Sporadic-C (p = 0.00006, and p = 0.00003, respectively).
The dichotomized results are shown in Table 4. BRCA1/2-C showed significantly less
frequent methylation with the BRCA1.1 probe (p = 0.019), but significantly more
frequent methylation with the BRCA1.2 probe (p = 0.000009). Methylation of at least
one of the three BRCA1 methylation probes was seen in 46/72 BRCA1/2-C (63.9%),
compared to 22/80 Sporadic-C (27.5%) (p = 0.000009). Sensitivity and specificity of the
BRCA1 methylation probes in distinguishing BRCA1/2-C from Sporadic-C are shown
in Table 5. The calculation of the sensitivity and specificity differs between probes
due to differences in methylation frequencies between BRCA1/2-C and Sporadic-C
(Table 4 and explanation in Table 5). The BRCA1.1 and BRCA1.3 probes showed a
good performance in ruling out BRCA1/2 germline mutations when methylation was
detected (sensitivity 97.2% and 90.3%, respectively), although the specificity was poor
as many Sporadic-C did not show methylation with these probes either (specificity both
13.8%). The BRCA1.2 probe and the combination of the three BRCA1 probes (BRCA1
combined) showed moderate sensitivity (both 63.9%) and specificity (72.5%), when
used to rule in BRCA1/2 germline mutations when methylation is present.

Table 3. BRCA promoter methylation percentages in BRCA1/2-related and sporadic breast carcinomas by MSMLPA
Probe

BRCA1

BRCA2

Sporadic

Median %
(range)

Median %
(range)

Median %
(range)

BRCA1.1

3 (0-11)

BRCA1.2

21 (11-34)

3

Test statisticA

p-value

(0-91)

3 (0-80)

2494.500

0.140

17 (11-100)

15 (9-85)

1795.500

0.00006*

BRCA1.3

11 (5-18)

9 (5-100)

7 (3-71)

1760.600

0.00003*

BRCA2.1

24 (14-56)

21 (8-100)

15 (8-43)

947.500

9.85·10-13*

BRCA2.2

11 (5-27)

10 (5-100)

5 (3-15)

596.000

1.00·10-13*

BRCA2.3

17 (9-33)

14 (8-100)

9 (5-18)

536.500

1.00·10-13*

BRCA2.4

9 (0-18)

8 (0-100)

5 (2-12)

984.500

1.95·10-12*

A
Mann-Whitney U test, testing BRCA1-C and BRCA2-C together against Sporadic-C; * statistically significant
(2-sided p-value <0.05).
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Figure 2. Distribution of absolute methylation percentages for all BRCA1 and BRCA2 methylation probes

To evaluate the robustness of the MS-MLPA assay, we compared the results of the ME053
assay with another MS-MLPA assay tested on Sporadic-C in our lab, the ME001 assay
(MRC Holland) (CBM, unpublished observations, data not shown). One of the BRCA1
methylation probes in this assay determines the methylation status of the same CpG site
as the BRCA1.3 probe in the ME053 MS-MLPA assay. There was a strong correlation
in dichotomized BRCA1 promoter methylation results in Sporadic-C between the two
assays (Spearman’s rho correlation coefficient: 0.831; p-value: 1,000·10-13). For absolute
methylation percentages, the correlation was weaker but still significant (Spearman’s
rho correlation coefficient: 0.379; p-value: 0.001). In general, the Sporadic-C showed
slightly higher BRCA1 methylation percentages with the ME001 assay. In 4/80 cases,
BRCA1 was methylated according to the ME001 assay but unmethylated according to
the ME053 assay. However, methylation percentages in these cases were only slightly
above the threshold of 15% (17-20%) with the ME001 assay.
BRCA2 promoter methylation in BRCA1/2-related and sporadic breast carcinomas
BRCA1/2-C showed significantly higher median methylation percentages for all BRCA2
methylation probes compared to Sporadic-C, although the absolute methylation
percentages and their distribution varied considerably between the four BRCA2
methylation probes (Table 3, Figure 2). Using dichotomized results, BRCA1/2-C showed
significantly more frequent methylation in all four probes, as shown in Table 4. When
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22 (56.4)

BRCA2.3

30 (76.9)

(6.1)
(6.1)

(9.1)

20 (60.6)

4 (12.1)

14 (42.4)

3

18 (54.5)

14 (42.4)

2

14 (42.4)

2

(0.0)

(2.5)

(0.0)

10 (12.5)

0

2

0

10 (12.5)

22 (27.5)

11 (13.8)

22 (27.5)

11 (13.8)

Total: 80 (%)

Sporadic

51.432ǂǂ

8.153
ǂ

45.600ǂǂ

8.153ǂ

0.029*

0.005*

1.65·10-12*

0.005*

2.93·10-12*

0.000009*

20.296ǂǂ
47.117ǂǂ

0.465

0.000009*

0.019*

P-value

0.589ǂǂ

20.296ǂǂ

5.833ǂǂ

Test statisticA

>17%
>15%

68 (44.7)
18 (11.8)

60 (39.5)

>15%

>15%
(4.6)

38 (25.0)
7

>15%

(4.6)

7

58 (38.2)

>19%

>15%

(8.6)

13

68 (44.7)

Cut-offB

Total (%)

A
Pearson Chi-square or Fisher’s Exact test, testing BRCA1-C and BRCA2-C together against Sporadic-C. * statistically significant (2-sided p-value <0.05); ǂ Fisher’s Exact
test; ǂǂ Pearson Chi-square test. B Cut-off based upon highest methylation percentage detected in normal breast tissue from non-mutation carriers. C BRCA1 and BRCA2 total
entails the number (and percentage) of samples showing methylation in at least one of the BRCA1 or BRCA2 probes, respectively.

BRCA2 totalC

(7.7)

4 (10.3)

BRCA2.2

3

30 (76.9)

BRCA2.1

BRCA2.4

32 (82.1)

5 (12.8)

BRCA1.3

BRCA1 totalC

32 (82.1)

(0.0)

Total: 33 (%)

Total: 39 (%)

0

BRCA2

BRCA1

BRCA1.2

BRCA1.1

Probe

Table 4. Frequency of BRCA methylation (dichotomized results) in BRCA1/2-related and sporadic breast carcinomas by MS-MLPA
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Table 5. Sensitivity and specificity for each methylation probe in distinguishing BRCA1/2-related from sporadic
breast carcinomas
Probe

Sensitivity

95% CI

A

Specificity

95% CI

BRCA1.1

70/72 = 97.2%

90.3-99.6%

11/80 = 13.8%

7.1-23.3%

BRCA1.2B

46/72 = 63.9%

51.7-74.9%

58/80 = 72.5%

61.4-81.9%

BRCA1.3A

65/72 = 90.3%

90.0-96.0%

11/80 = 13.8%

7.1-23.3%

BRCA1 combinedC

46/72 = 63.9%

51.7-74.9%

58/80 = 72.5%

61.4-81.9%

BRCA2.1B

48/72 = 66.7%

54.6-77.3%

70/80 = 87.5%

78.2-93.8%

BRCA2.2B

7/72 = 9.7%

4.0-19.0%

80/80 = 100%

95.5-100%

BRCA2.3B

36/72 = 50.0%

38.0-62.0%

78/80 = 97.5%

91.3-99.7%

BRCA2.4B
BRCA2 combinedC

7/72 = 9.7%

4.0-19.0%

80/80 = 100%

95.5-100%

50/72 = 69.4%

57.5-79.8%

70/80 = 87.5%

78.2-93.8%

A
Sensitivity and specificity calculated as if BRCA1 promoter methylation would be performed to rule out BRCA
germline mutations. True positive: BRCA1/2-related cancers without BRCA1.1 or BRCA1.3 methylation. True
negative: sporadic cancers with BRCA1.1 or BRCA1.3 methylation.
B
Sensitivity and specificity calculated as if BRCA1 promoter methylation would be performed to rule in BRCA
germline mutations. True positive: BRCA1/2-related cancers with BRCA1.2, BRCA2.1, BRCA2.2, BRCA2.3 or
BRCA2.4 methylation. True negative: sporadic cancers without BRCA1.2, BRCA2.1, BRCA2.2, BRCA2.3 or
BRCA2.4 methylation.
C
Sensitivity and specificity calculated as if BRCA1 promoter methylation would be performed to rule in BRCA
germline mutations. True positive: BRCA1/2-related cancers with methylation of at least one of the BRCA1 or
BRCA2 probes. True negative: sporadic cancers without methylation in any of the BRCA1 or BRCA2 probes.

combining the dichotomized results of the BRCA2 methylation probes together, 50/72
BRCA1/2-C (69.4%) showed methylation of at least one of the four BRCA2 methylation
probes, compared to 10/80 Sporadic-C (12.5%) (p = 0.029). Sensitivity and specificity
of the BRCA1 methylation probes in distinguishing BRCA1/2-C from Sporadic-C are
shown in Table 5. The BRCA2.2 and BRCA2.4 probes showed excellent specificity (both
100%) when used to rule in BRCA1/2 germline mutations when methylation is detected,
as no Sporadic-C were methylated with these probes. However, the sensitivity was poor
(both 9.7%) as few BRCA1/2-C showed methylation. The BRCA2.1 and BRCA2.3 as
well as the combination of all four BRCA2 probes (BRCA2 combined) showed moderate
sensitivity (50.0-69.4%) and rather good specificity (87.5-97.5%) when used to rule in
BRCA1/2 germline mutations when methylation is detected.
Correlation with clinicopathologic variables
As shown in Table 1, the BRCA1/2-C and Sporadic-C differed significantly with respect
to age, grade, and ER and PR status. We analysed whether the differences we observed
in methylation frequencies between BRCA1/2-C and Sporadic-C may be related to these
differences in clinicopathologic variables (Table 6A-C). In Sporadic-C, methylation of
the BRCA1.1, BRCA1.2 and BRCA1.3 probes separately as well as combined (BRCA1
combined) was significantly more frequently detected in grade 3 tumors compared to
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NA

2.775ǂ

NA

BRCA2.3

BRCA2.4

1.852

0.015*

NA

0.178

NA

0.015*

0.006*

0.001*

0.006*

0.001*

1.659ǂǂ

NA

0.297ǂ

NA

1.659ǂ

0.026ǂ

1.852ǂ

0.026ǂ

ǂ

Test statistic

p-value
A

0.345

NA

1.000

NA

0.345

1.000

0.342

1.000

0.342

p-value

Ductal vs. lobular tumors

0.706ǂǂ

NA

5.084ǂ

NA

0.706ǂ

6.689ǂǂ

7.577ǂ

6.689ǂǂ

7.577
ǂ

Test statistic
A

0.462

NA

0.080

NA

0.462

0.014*

0.011*

0.014*

0.011*

p-value

ER positive vs. negative

0.274ǂǂ

NA

0.137ǂ

NA

0.274ǂ

3.762ǂǂ

6.753ǂ

3.762ǂǂ

6.753
ǂ

Test statistic
A

NA
NA
0.115

1.000
NA

0.137ǂ

1.000

0.115

3.688ǂǂ

NA

NA
NA

3.688ǂ

0.736

0.125

0.533

0.125

0.533

p-value

0.736

0.176ǂ
2.825ǂ

0.016*
0.071

0.176
2.825ǂ

0.016*
0.071

ǂ

Test statisticA

HER2 positive vs. negative

p-value

PR positive vs. negative

A
Pearson Chi-square or Fisher’s Exact test. * statistically significant (2-sided p-value <0.05); ǂ Fisher’s Exact test; ǂǂ Pearson Chi-square test. NA: not applicable, as one of
the two variables (either the methylation probe or the clinicopathological variable) was a constant.

6.577ǂ

6.577ǂ

BRCA2.1

BRCA2.2

BRCA2 combinedǂǂ

8.190ǂǂ

12.230ǂ

BRCA1.3

BRCA1 combinedǂǂ

8.190ǂǂ

12.230

ǂ

Test statistic

A

Grade 1-2 vs. 3

BRCA1.2

BRCA1.1

Probe

Sporadic carcinomas

Table 6A. Relationship between BRCA1/2 methylation and clinicopathological variables in sporadic breast carcinomas
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1.694

0.005

0.009ǂ

0.003ǂ

0.975ǂ

0.005ǂ

BRCA2.1

BRCA2.2

BRCA2.3

BRCA2.4

BRCA2 combinedǂǂ

1.694ǂ

0.193ǂ

3.328ǂ

0.265ǂ

0.310

1.000

0.144

1.000

0.310

0.356

1.000

0.356

NA

p-value

0.000ǂ

1.625ǂ

0.209ǂǂ

3.482ǂ

0.000
ǂ

0.087ǂ

0.115ǂ

0.087ǂ

NA

Test statisticA

1.000

0.253

0.740

0.099

1.000

1.000

1.000

1.000

NA

p-value

ER positive vs. negative

1.000
1.000
0.669
1.000
1.000
0.556
0.669

0.096ǂ
0.038ǂ
ǂ

0.001ǂ
0.070ǂ
1.121ǂ
0.363ǂ

0.363

NA
1.000

NA

p-value

0.038ǂ

Test statisticA

PR positive vs. negative

0.308ǂ

0.086ǂ

0.793ǂ

0.117ǂ

0.308

ǂ

0.225ǂ

0.151ǂ

0.225ǂ

NA

Test statisticA

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

NA

p-value

HER2 positive vs. negative

A
Pearson Chi-square or Fisher’s Exact test. * statistically significant (2-sided p-value <0.05); ǂ Fisher’s Exact test; ǂǂ Pearson Chi-square test. NA: not applicable, as one of
the two variables (either the methylation probe or the clinicopathological variable) was a constant.

1.000

1.000

1.000

1.000

1.000

ǂ

ǂ

1.262ǂ

0.653

0.342ǂ

1.000

0.031ǂ

0.145ǂ

1.262ǂ

NA

Test statisticA

BRCA1 combinedǂǂ

0.653

NA

p-value

Ductal vs. lobular tumors

BRCA1.3

NA

0.145ǂ

BRCA1.2

Test statisticA

Grade 1-2 vs. 3

BRCA1.1

Probe

BRCA1-related
carcinomas

Table 6B. Relationship between BRCA1/2 methylation and clinicopathological variables in BRCA1-related carcinomas
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1.065ǂ

0.062ǂ

2.200ǂǂ

1.650ǂ

3.039ǂ

0.569ǂ

3.110ǂ

BRCA1.3

BRCA1 combinedǂǂ

BRCA2.1

BRCA2.2

BRCA2.3

BRCA2.4

BRCA2 combinedǂǂ
0.132

0.586

0.136

0.534

0.266

1.000

0.542

1.000

0.542

p-value

0.057ǂ

0.317ǂ

0.115ǂ

0.229ǂ

0.002ǂ

0.057ǂ

0.147ǂ

0.057ǂ

0.147ǂ

Test statisticA

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

p-value

Ductal vs. lobular tumors

0.916ǂ

0.001ǂ

1.742ǂ

0.149ǂ

0.088ǂ

0.248ǂ

0.769ǂ

0.248ǂ

0.769ǂ

Test statisticA

0.431

1.000

0.238

1.000

1.000

0.695

0.432

0.695

0.432

p-value

ER positive vs. negative

0.863ǂǂ

0.004ǂ

0.022ǂǂ

0.437ǂ

2.528ǂǂ

0.730ǂǂ

0.002ǂ

0.730ǂǂ

0.002ǂ

Test statisticA

1.000
1.000

1.000
0.394

0.760ǂ
0.067ǂ
0.760ǂ
1.238ǂ
0.103ǂ
0.760ǂ
0.142ǂ
1.587ǂ

0.491
1.000
0.491
0.166
0.601
1.000
1.000
0.481

1.000

1.000

0.455

1.000

1.000

0.067ǂ

1.000

p-value

Test statisticA

HER2 positive vs. negative

p-value

PR positive vs. negative

Pearson Chi-square or Fisher’s Exact test. * statistically significant (2-sided p-value <0.05); ǂ Fisher’s Exact test; ǂǂ Pearson Chi-square test. .

0.062ǂ

A

1.065ǂ

BRCA1.2

Test statisticA

Grade 1-2 vs. 3

BRCA1.1

Probe

BRCA2-related
carcinomas

Table 6C. Relationship between BRCA1/2 methylation and clinicopathological variables in BRCA2-related carcinomas
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grade 1-2 tumors, and ER negative compared to ER positive tumors. Methylation of the
BRCA1.1 and BRCA1.3 probes was also significantly more frequently detected in PR
negative tumors. For BRCA2 methylation in Sporadic-C, there was only a statistically
significant association with grade: methylation of BRCA2.1 probe and of all four BRCA2
probes combined was more frequently seen in grade 3 carcinomas. There were no
statistically significant correlations between BRCA1 or BRCA2 methylation on the one
hand, and tumor type (ductal versus lobular carcinomas) or HER2 status on the other
hand. In BRCA1-C and BRCA2-C, there were no statistically significant associations
between BRCA1 or BRCA2 methylation and clinicopathological variables. Moreover, no
statistically significant correlation was found between CMI for BRCA1 and/or BRCA2
promoter methylation and age in BRCA1-C, BRCA2-C, Sporadic-C, BRCA1/2-N, and
non-BRCA-related-N (Table 7).
Table 7. Correlation between age and CMI for BRCA1/2 methylation
Age

CMI BRCA1
Spearman’s
rho

CMI BRCA2

p-value

Spearman’s
rho

p-value

CMI BRCA1+2
Spearman’s
rho

p-value

BRCA1-C

-0.297

0.066

-0.287

0.077

-0.275

0.090

BRCA2-C

-0.019

0.918

0.003

0.989

-0.035

0.846

Sporadic-C

-0.153

0.175

0.003

0.982

-0.120

0.289

BRCA1/2-N

-0.252

0.513

-0.467

0.205

-0.417

0.265

0.300

0.624

0.100

0.873

0.100

0.873

Non-BRCA-related-N

Correlation between age and CMI (cumulative methylation index) measured by Spearman’s rho correlation
coefficient. CMI is calculated as the sum of the methylation percentage of all BRCA1 or BRCA2 methylation
probes.

Correlation between BRCA1/2 methylation and mRNA expression
Methylation of the evaluated CpG sites within the BRCA1 and BRCA2 promoters showed
weak correlations with mRNA levels by TCGA data extraction through the Wanderer
viewer. The Spearman correlation coefficients between BRCA1 methylation and mRNA
expression were -0.203 for cg04110421 (targeted by the BRCA1.1 probe), -0.296 for
cg16630982 (targeted by the BRCA1.2 probe), and -0.172 for cg08993267 (targeted by
the BRCA1.3 probe). For BRCA2, the most closely located CpG loci IDs from the TCGA
data to our MS-MLPA targets were used. Therefore, the correlation between BRCA2
methylation and mRNA expression should be interpreted with caution. The Spearman
correlation coefficients between BRCA2 methylation and mRNA expression were -0.014
for cg20073910 (82 and 69 bp from the CpG sites targeted by the BRCA2.1 and BRCA2.4
probes, respectively), 0.067 for cg27253386 (80 and 69 bp from the CpG sites targeted
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Table 8. BRCA promoter methylation percentages in normal breast from BRCA1/2 germline mutation carriers and
non-mutation carriers
Probe

BRCA1/2-N

Non-BRCA-related-N

Median % (range)

Median % (range)

Test statisticA

p-value

BRCA1.1

2

(0-3)

3

(0-5)

15.500

0.325

BRCA1.2

17

(13-26)

13

(13-17)

8.500

0.057

BRCA1.3

9

(6-16)

7

(5-8)

8.000

0.050

BRCA2.1

19

(15-26)

16

(14-19)

8.500

0.060

BRCA2.2

8

(6-16)

6

(5-12)

12.000

0.158

BRCA2.3

13

(10-28)

9

(8-14)

6.500

0.031*

BRCA2.4

8

(6-9)

5

(5-6)

2.000

0.005*

4

Mann-Whitney U test, testing BRCA1/2-N together against non-BRCA-related-N; * statistically significant (2-sided
p-value <0.05).
A

by the BRCA2.3 probe), and -0.092 for cg08157964 (25 bp from the CpG site targeted
by the BRCA2.2 probe).
BRCA promoter methylation in BRCA1/2-related and non-BRCA-related normal
breast tissue
BRCA1/2-N samples showed statistically significant higher absolute methylation
percentages for the BRCA2.3 and BRCA2.4 probes ( p = 0.031, and p = 0.005, respectively)
(Table 8, Figure 2). There was a borderline significant trend of higher methylation
percentages for the BRCA1.2, BRCA1.3, and BRCA2.1 probes in BRCA1/2-N samples
compared to non-BRCA-related-N cases (Table 8, Figure 2). If methylation cut-offs
per probe were based upon the highest methylation percentage found in non-BRCArelated-N cases, 40% (2/5) and 60% (3/5) of BRCA1-N cases would have at least one
methylated BRCA1 and BRCA2 probe, respectively. BRCA2-N cases would have
methylation of at least one BRCA1 and BRCA2 probe in 25% (1/4) and 50% (2/4) of
cases, respectively (Table 9).

DISCUSSION
The aim of this study was to investigate the diagnostic value of BRCA1/2 promoter
methylation analysis using a new BRCA methylation MS-MLPA assay in distinguishing
sporadic breast carcinomas from BRCA1 and BRCA2 germline mutation-related
carcinomas, in order to arrive at a clinically applicable pre-screening test for BRCA1/2
related cancers.
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Table 9. Frequency of BRCA methylation (dichotomized) in prophylactic mastectomies of BRCA1/2 germline
mutation carriers by MS-MLPA
Probe

BRCA1

BRCA2

Total (%)

Total n = 5 (%)

Total n = 4 (%)

Total n = 9 (%)

Cut-offǂ

BRCA1.1

0

(0.0)

0

(0.0)

0

(0.0)

>15%

BRCA1.2

2

(40.0)

1

(25.0)

3

(30.0)

>17%

BRCA1.3

1

(20.0)

0

(0.0)

1

(11.1)

>15%

BRCA1 totalǂǂ

2

(40.0)

1

(25.0)

3

(30.0)

BRCA2.1

2

(40.0)

2

(50.0)

4

(44.4)

>19%

BRCA2.2

1

(20.0)

0

(0.0)

1

(11.1)

>15%

BRCA2.3

2

(50.0)

0

(0.0)

2

(22.2)

>15%

BRCA2.4

0

(0.0)

0

(0.0)

0

(0.0)

>15%

BRCA2 totalǂǂ

3

(60.0)

2

(50.0)

5

(55.5)

ǂ

Cut-off based upon highest methylation percentage detected in normal breast tissue from non-mutation carriers.
BRCA1 and BRCA2 total entails the number and percentage of samples showing methylation in at least one of
the BRCA1 or BRCA2 probes, respectively.
ǂǂ

We observed considerably varying frequencies of BRCA promoter methylation between
the targeted CpG sites across the BRCA1 and BRCA2 promoters. Some CpG sites were
methylated more frequently in BRCA1/2-C compared to Sporadic-C (those targeted by
the BRCA1.2, BRCA2.1, BRCA2.2, BRCA2.3, and BRCA2.4 probes), whereas other CpG
sites were methylated more frequently in Sporadic-C (those targeted by the BRCA1.1
and BRCA1.3 probes). In general, we observed frequent BRCA promoter methylation
in BRCA1/2-C. At least 63.8% (46/72) of BRCA1/2-C and 12.5% (10/80) of Sporadic-C
showed methylation of at least one of the targeted CpG sites in the BRCA1 or BRCA2
promoter. Interestingly, several BRCA1-C showed BRCA2 promoter methylation,
and vice versa. Sensitivity and specificity varied considerably between the probes.
The best probes to rule out Sporadic-C when methylation is detected were BRCA2.2
and BRCA2.4 (specificity 100%). However, many BRCA1/2-C would be missed as the
sensitivity was poor (9.7%). The best probes to rule out BRCA1/2-C when methylation
is not detected were BRCA1.1 and BRCA1.3 (sensitivity 97.2% and 90.3%, respectively).
However, many Sporadic-C would be misclassified as potentially BRCA1/2 germline
mutation-related, as the specificity was poor (both 13.8%). Sensitivity and specificity
were most balanced when using all four BRCA2 probes to rule in BRCA1/2 germline
mutations when methylation is detected in at least one the BRCA2 probes (sensitivity
69.4%, specificity 87.5%). BRCA1 promoter methylation was more frequent in highgrade, ER and PR negative tumors. This finding is in line with literature, as BRCA1
methylation has been more frequently described in triple-negative breast carcinomas
[39, 40]. BRCA2 promoter methylation was more frequent in high-grade tumors, but
showed no other statistically significant clinicopathological associations.
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In line with our findings, Daniels et al. (2016) recently demonstrated that DNA
methylation levels vary between CpG sites in the BRCA1 promoter [41]. However, our
findings do not support the general assumption and previous findings in literature that
BRCA promoter methylation and BRCA germline mutations are mutually exclusive.
In most studies, none of the BRCA-related breast carcinomas showed BRCA promoter
methylation [16, 21, 23–26]. Kontorovich et al. observed BRCA1 promoter methylation
in 3/48 BRCA1-related breast carcinomas (6.3%) and Tapia et al. observed BRCA1
promoter methylation in 2/3 observed BRCA1-related breast carcinomas (66.7%) [17,
20]. Differences in observed methylation frequencies could be related to the technique
and specific CpG sites targeted, the quality of input material and the determination
of methylation cut-offs in subsequent analysis. It should be noted that some patients
with a BRCA germline mutation may develop breast cancer through sporadic breast
carcinogenetic mechanisms, which could affect methylation frequencies.
Whether BRCA promoter methylation may occur as a second-hit in BRCA1/2-related
breast carcinomas is still unclear. The main question is whether methylation really
drives carcinogenesis or whether it can be considered a bystander. Interestingly, in our
study normal breast tissues from BRCA1/2 germline mutation carriers showed higher
BRCA2 promoter methylation levels compared to normal breast tissues from patients
without BRCA germline mutations, although the sample size was limited. Bijron et al.
(2012) have described increased BRCA2 promoter methylation in normal and precursor
Fallopian tube tissues from BRCA germline mutation carriers compared to normal
sporadic Fallopian tube tissues [42]. BRCA methylation might therefore play a role in
carcinogenesis in a subset of BRCA germline mutation carriers.
To our knowledge, this is the largest study investigating both BRCA1 and BRCA2
promoter methylation in BRCA1 as well as BRCA2 germline mutation-related breast
carcinomas. Moreover, this is the first MS-MLPA study to specifically test BRCA
promoter methylation in BRCA1 and BRCA2-related breast carcinomas compared
to sporadic breast carcinomas and the first MS-MLPA study that investigated BRCA
methylation levels in normal breast tissues of BRCA carriers. We validated our results
for one of the BRCA methylation probes by comparing them with data obtained from
a previous MS-MLPA experiment using the commercially available ME001 MS-MLPA
assay.
Our findings may have important implications for clinical practice such as pre-screening
for BRCA germline genetic testing or eligibility for certain therapeutic strategies. BRCA1
promoter methylation analysis has been proposed as a cost-effective and reliable pre-
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screening tool to exclude BRCA1 germline mutations in breast cancer patients similar to
MLH1 promoter methylation and Lynch syndrome [22, 43]. Moreover, recent research
shows that breast and ovarian carcinomas with BRCA deficiencies including BRCA
methylation may also benefit from PARP inhibitor therapy [30, 31, 44–49].
Although MS-MLPA has been shown to be a reliable tool to assess methylation in general,
it targets single specific sites targetable by the HhaI methylation-sensitive restriction
enzyme. For MS-MLPA to be a reliable pre-screening tool for ruling in or ruling out
BRCA germline mutations and/or determining sensitivity for targeted therapy, review
of existing literature and further research, preferably assessing all CpG sites in the BRCA
promoter regions for example by methylation-specific PCR, is needed to determine the
most predictive CpG sites for each indication. The most predictive CpG sites should
then be targetable by the HhaI methylation-sensitive restriction enzyme, as otherwise
MS-MLPA may not be the preferred methylation analysis technique in this context.

CONCLUSIONS
In conclusion, the diagnostic value of BRCA promoter methylation analysis in
distinguishing BRCA1/2-related and sporadic breast carcinomas is considerably
dependent on the targeted CpG sites. These findings are important for adequate use
of BRCA methylation analysis as a pre-screening tool for germline genetic testing or
to identify patients who may benefit from targeted therapies such as PARP inhibitors,
making their way to the clinic for breast cancer. Further research is needed to assess
which other CpG sites are important in ruling in or ruling out BRCA germline mutations
or determining sensitivity for targeted therapy.
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ABSTRACT
Background
A considerable number of breast and ovarian carcinomas are due to underlying BRCA
gene aberrations. Of these, BRCA germline mutations and BRCA promoter methylation
are thought to be mutually exclusive, which could be exploited in clinical practice.
However, this paradigm has not been studied extensively and systematically.
Objective
To systematically investigate to what extent BRCA promoter methylation has been
reported in breast and ovarian carcinomas of BRCA germline mutation carriers.
Methods
A comprehensive search on BRCA promoter methylation was performed in PubMed
and Embase databases. Two authors independently selected studies, assessed study
quality and extracted data according to PRISMA and QUADAS-2 guidelines.
Results
21 articles met the inclusion criteria. BRCA1 methylation was found in at least 10/276
(3,6%) breast and 2/174 (1,1%) ovarian carcinomas of BRCA germline mutation carriers,
and BRCA2 methylation was found in at least 7/131 (5.3%) breast and 0/51 (0.0%)
ovarian carcinomas of BRCA germline mutation carriers. Methylation frequencies
varied between individual CpG sites. The selected studies showed important differences
in methodology and performed in general a limited methylation and incomplete
mutation analysis.
Conclusions
BRCA methylation is rare in breast and ovarian carcinomas of BRCA germline mutation
carriers, although the frequency of BRCA promoter methylation may be underestimated.
This could have major implications for clinical practice, including referral for genetic
testing and BRCAness analysis for treatment decision-making.
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INTRODUCTION
Breast and ovarian cancer are among the most frequent cancer types in women
worldwide. Breast cancer is the most frequent cancer with an estimated incidence of 1.7
million cancer cases and ovarian cancer is the seventh most common cancer with an
estimated incidence of 239.000 cases [1]. In 5-15% of cases, breast and ovarian cancer
occur in a hereditary setting, mostly due to germline mutations in the BRCA1 (17q21.31)
or BRCA2 (13q13.1) genes. These BRCA germline mutations cause a 40-80% lifetime
risk of developing breast cancer and 30-40% lifetime risk of ovarian cancer development
[2–8]. However, other carcinogenic BRCA aberrations also occur in breast and ovarian
cancer, including somatic mutations and promoter hypermethylation [9–13]. It has
been proposed that BRCA promoter hypermethylation takes place almost exclusively
in a sporadic setting and rarely occurs in patients with an underlying BRCA1 or BRCA2
germline mutation, although this has not been studied extensively and the evidence level
of individual studies is limited. However, this paradigm could have major implications
for clinical practice regarding for example a test that may obviate BRCA1/2 germline
mutation testing in case of promoter methylation. The purpose of this study was to
investigate to what extent BRCA1 and BRCA2 promoter hypermethylation have been
reported in breast and ovarian carcinomas of BRCA1 and BRCA2 germline mutation
carriers, in order to establish how close BRCA1/2 promoter methylation assays may be
for implementation into clinical practice.

MATERIAL AND METHODS
Search strategy
The systematic review was performed according to the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guidelines [14,15]. A search string
that combined synonyms for BRCA and methylation was applied to PubMed and
Embase databases on 3 February 2016 (Supplementary Table 1).
Data collection and analysis
Studies that performed BRCA1 and/or BRCA2 methylation analysis in breast and/or
ovarian carcinoma tissues from BRCA1 and/or BRCA2 (BRCA1/2) germline mutation
carriers were selected. The exclusion criteria, applied to the title and abstract and full
text of the studies, can be found in Supplementary Figure 1. From the selected studies,
the following data were extracted: total number of patients; number of patients with
BRCA1/2 germline mutations; number of patients without BRCA1/2 germline mutations
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(if available); tumor type; method of methylation and mutation analysis including
applied cut-offs, controls, targeted Cytosine phosphate Guanine (CpG) sites or exons,
as well as the flow and timing of the analyses; and the frequency of observed BRCA1/2
promoter methylation in breast and/or ovarian carcinomas from BRCA1/2 mutation
carriers and if available, from non-mutation carriers as well (Table 1 and Table 2AD). Sensitivity and specificity values were calculated when possible. When the primer
sequences of the methylation analysis were available, the targeted CpG sites could be
identified by mapping them on the Human Genome version GRCh37/hg19, using the
Genome Browser and Blat Tool from the University of California Santa Cruz (UCSC)
(available from: https://genome.ucsc.edu/index.html). The primer sequences can be
found in Supplementary Table 2. The quality, i.e. applicability and risk of bias of the
selected studies was assessed according to a modified version of the Quality Assessment
of Diagnostic Accuracy Studies 2 (QUADAS-2) guideline, which includes evaluation
of patient selection, index test, reference standard and flow and timing [16](Table 3,
Supplementary Table 3). Two review authors (S.V. and C.B.M.) independently selected
the studies, performed data extraction and assessed study quality. Disagreements were
resolved by discussion.

RESULTS
Study characteristics
The search strategy identified 779 unique articles, of which 21 met the inclusion criteria
(Supplementary Figure 1). These studies have been published between 2001 and 2017.
The characteristics of the selected studies can be found in Table 1.
Participants
The primary research question of 5 studies matched the aim of this review [17–21]. The
remaining studies analysed genetic and epigenetic alterations (including BRCA mutation
and methylation) in breast and ovarian carcinomas in general or in specific subgroups
such as triple-negative breast carcinomas [22–24], high-grade serous ovarian carcinomas
[25], clear cell ovarian carcinomas [26], or ovarian cancer resistant for platinum-based
chemotherapy [27]. A couple of studies investigating ovarian carcinomas also included
peritoneal or Fallopian tube cancer [27,28].
The selected studies show large differences in sample size. The total number of patients
varied from 13-1063 [26,29], including 3-99 BRCA1-associated cancers [17,30] and 1-34
BRCA2-associated breast cancers [17,31]. Twelve studies used fresh frozen (FF) tissue
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Vos et al. analysed methylation frequencies for the targeted CpG sites separately. The range of methylation frequencies is presented in this table. The calculation of SE and SP differs between the
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samples [17,22,33,34,24–29,31,32], whereas 7 used formalin-fixed paraffin-embedded
(FFPE) tissue samples [18,20,21,23,30,35,36]. Of 2 studies it was unclear whether they
used FF or FFPE tissue samples [19,37].

METHODS
Ten studies investigated BRCA promoter methylation in breast cancer (8 BRCA1
promoter methylation, 2 both BRCA1 and BRCA2 promoter methylation). Another 10
studies investigated BRCA promoter methylation in ovarian cancer (5 BRCA1 promoter
methylation, 3 BRCA2 promoter methylation, and 2 both BRCA1 and BRCA2 promoter
methylation). 1 study investigated both BRCA1 and BRCA2 promoter methylation in
breast as well as ovarian carcinomas.
Several techniques were used to study BRCA promoter methylation, targeting variable
numbers of CpG sites in the BRCA1 and BRCA2 genomic region (1-46 CpG sites) (Table
1) [20,22,24,27,29]. Methylation-specific PCR (MSP) was the most frequently applied
technique (8 studies) [17,18,26,28,30–32,35]. From 20 studies, the primer sequences
could be derived by which the targeted CpG sites could be identified [17,18,28–37,19–
22,24–27]. For BRCA1, 37 CpG sites of a total of 95 relevant CpG sites (38.9%) were
analysed when taking the 17 applicable studies together (Figure 1A, Supplementary
Table 4A). CpG sites were considered relevant when located in the first CpG island
upstream of the transcription start site (TSS) (containing 24 CpG sites), in the promoter
region or the first exon [38,39]. The most extensive studies have analysed 30 relevant
CpG sites (31.6%) [27,29]. Most of the CpG sites (n = 24) were analysed in 2 independent
studies. The most frequently studied CpG site was located at chr17:41277445, analysed
in 11 studies. Interestingly, there is overlap in targeted CpG sites between studies that
showed BRCA1 promoter methylation in BRCA-associated cancers and those that did
not. For BRCA2, 28 CpG sites of a total of 70 relevant CpG sites (40.0%) were analysed
when taking the selected studies together (Figure 1B, Supplementary Table 4B). The
most extensive study analysed 20 relevant CpG sites (28.6%) [32]. Most of the CpG
sites (n = 17) were analysed in only one study. The most targeted CpG site was located
at chr13:32889608, analysed in 4 studies. Again, there is overlap in targeted CpG sites
between studies that showed BRCA2 promoter methylation in BRCA-associated cancers
and those that did not, although the study of Vos and Moelans et al. (2017) investigated
relatively unique CpG sites [21]. This is also the only study that has investigated
methylation frequencies per CpG site and found that these varied considerably (Table
2A + 2C).
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For mutation analysis, several techniques on several types of material such as blood,
tumor tissue, and normal tissue were used (Table 1). Many studies used (a combination
of) rough screening techniques such as Protein Truncation Test (PTT) and SingleStrand Conformation Polymorphism (SSCP) analysis, usually followed by second-line
sequencing [17,22,26,28,30,32,34,36,37]. For 6 studies, the method of mutation analysis
was unclear. In 10 studies, mutation analysis was also applied in (clinically) sporadic
tumors.
Frequency of BRCA1 promoter hypermethylation in breast carcinomas from
BRCA1/2 germline mutation carriers
BRCA1 methylation was reported in 0.0-63.9% of breast carcinomas from
BRCA1/2 germline mutation carriers, based upon 11 studies (Table 2A) [17–
19,21,22,24,30,31,33,35]. Most of the studies reported low frequencies of BRCA1
promoter methylation in BRCA1/2-associated breast carcinomas (<5%), while some
studies reported higher frequencies [19,21,30]. The largest study found BRCA1 promoter
methylation in 2-46/72 cases (2.8-63.9%), depending on the targeted CpG site [21].
Taking the results of all studies together, BRCA1 promoter hypermethylation was found
in at least 10/276 (3.6%) breast carcinomas of BRCA1/2 germline mutation carriers.
Seven studies also investigated BRCA1 promoter methylation in sporadic breast
carcinomas and found BRCA1 methylation in 5.8-35.7% of these cases [17,19,21–
24,31]. The presence of BRCA1 promoter methylation seems to be higher in triplenegative breast carcinomas (17.7-34.9%) [22–24]. If the presence of BRCA1 promoter
methylation would be used to rule out BRCA1/2 germline mutations when methylation
is detected (true positives: BRCA1/2-associated breast carcinomas without methylation;
true negatives: sporadic carcinomas without methylation), the pooled results would
yield a sensitivity of at most 96.4% (266/276) and a specificity of at most 23.1%
(119/516) [17,19,21–24,31]. Interestingly, the study by Vos and Moelans et al. (2017)
showed 1 CpG site (located at chr17:41277395) that was more frequently methylated
in BRCA1/2-associated compared to sporadic breast carcinomas [21]. Methylation at
this CpG site might be used to rule in BRCA1/2-associated breast carcinomas when
methylation is detected (Table 3A). Two studies also investigated Loss of Heterozygosity
(LOH). The tumors with BRCA1 promoter methylation were all LOH negative in these
studies [17,35].
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Frequency of BRCA1 promoter hypermethylation in ovarian carcinomas from
BRCA1/2 germline mutation carriers
BRCA1 methylation was observed in 0.0-5.3% of ovarian carcinomas from BRCA1/2
germline mutation carriers, based upon 7 studies (Table 2B) [20,25,27,29,34,36,37].
Five studies reported a frequency of 0.0% of which the largest study contained 37
BRCA1/2-associated ovarian carcinomas. Rzepecka and Szafron et al. (2012) reported
a frequency of 2.6% (1/38 tumors) and Skytte and Waldstrom et al. (2011) reported a
frequency of 6.7% (1/15 tumors) [34,36]. Taking the results together, BRCA1 promoter
hypermethylation was found in 2/174 (1.1%) ovarian carcinomas of BRCA1/2 germline
mutation carriers.
From 5 studies, the frequency of BRCA1 promoter methylation in sporadic ovarian
carcinomas could be obtained, varying from 12.3 to 22.5% [20,25,27,34,37]. When the
presence of BRCA1 promoter methylation would be used to rule out BRCA1/2 germline
mutations when methylation is detected, the pooled sensitivity would then be 98.9%
(172/174), and the specificity would be 14.7% (96/653) [20,25,27,34,37].
Frequency of BRCA2 promoter hypermethylation in breast carcinomas from
BRCA1/2 germline mutation carriers
BRCA2 promoter methylation has been investigated in 3 studies and was observed
in 0.0-66.7% of BRCA1/2-associated breast carcinomas (Table 2C) [18,19,21]. The
largest study by Vos and Moelans et al. (2017) found BRCA2 promoter methylation in
6-48/72 cases (8.3-66.7%), depending on the targeted CpG site [21]. Taking the results
together, BRCA2 promoter hypermethylation was found in at least 7/131 (5.3%) breast
carcinomas of BRCA1/2 germline mutation carriers. Two studies investigated BRCA2
promoter methylation in sporadic breast cancers as well and found frequencies of 0.012.5% [19,21]. When the presence of BRCA2 promoter methylation would be used
to rule out BRCA1/2 germline mutations when methylation is detected, the pooled
results would yield a sensitivity of at most 58.3% (70/120), and a specificity of at most
7.6% (10/132) [19,21]. Interestingly, the study by Vos and Moelans et al. (2017) found
more frequent methylation of CpG sites located at chr13:32889621, chr13:32889836,
chr13:32889672, chr13:32889683, and chr13:2889608 in BRCA1/2-associated compared
to sporadic breast carcinomas [21]. Methylation at these CpG sites might be used to
rule in BRCA1/2-associated breast carcinomas when methylation is detected (Table
2C). One study investigated LOH, and the only case with BRCA2 promoter methylation
demonstrated LOH- [18].
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Frequency of BRCA2 promoter hypermethylation in ovarian carcinomas from
BRCA1/2 germline mutation carriers
BRCA2 promoter methylation in BRCA1/2-associated ovarian carcinomas was found in
0.0% (0/51) of cases, when taking the results of 6 studies together with a largest sample
size of 25 cases (Table 2D) [18,20,25,26,28,32]. Five of these studies also investigated
BRCA2 promoter methylation in sporadic ovarian carcinomas, which was detected in
0.0-50.0% of cases [20,25,26,28,32]. However, the study with the highest percentage
contained only 2 sporadic tumors of which 1 showed BRCA2 promoter methylation.
When the presence of BRCA2 promoter methylation would be used to rule out BRCA1/2
germline mutations when methylation is detected, the pooled results would yield a
sensitivity of 100% (51/51), and a specificity of 0.6% (2/346) [20,25,26,28,32].
Quality assessment
Applicability
The results of the applicability assessment according to the QUADAS-2 guideline
are shown in Table 3 and Supplementary Table 3. There were very limited concerns
regarding the applicability of the studies. Only 2/21 studies (9.5%) were judged to have
a moderate applicability concern for the patient selection domain, as they investigated
either clear cell ovarian carcinomas [26], which are typically not associated with BRCA
germline mutations, or ovarian carcinomas resistant for platinum-based chemotherapy
[27], which is atypical for BRCA-associated ovarian carcinomas. Therefore, these studies
might have investigated a set of atypical (BRCA) cases.
Risk of bias
The risk of bias assessment results according to the QUADAS-2 guideline are shown
in Table 3 and Supplementary Table 3. The risk of bias was unclear for many studies.
This was most extreme for the patient selection (18/21 studies, 85.7%) and index test
(13/21 studies, 61.9%) domains, mainly due to a lack of information with respect to
consecutive or random inclusion, inappropriate exclusions, blinding, thresholds, and
controls that were used. Three studies (14.3%) were judged to have a low risk of bias for
patient selection as they consecutively included patients and did not have inappropriate
exclusions [26,32,37]. 19/21 studies (90.5%) were judged as having either a high or
unclear risk of bias regarding the index test (i.e. methylation analysis) due to no use of
or unclear information on blinding, thresholds and controls. Regarding the reference
standard (i.e. mutation analysis), 20/21 studies (95.2%) were judged as having a high
or unclear risk as they did not perform state-of-the-art mutation analysis in the form
of first-line sequencing on blood for all exons of the BRCA genes. Many studies used
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(a combination of) rough mutation analysis techniques, including PTT and SSCP. As
a consequence, BRCA germline mutations could have been missed and false negatives
may have occurred. This is especially a concern for studies that used a study group
of triple-negative breast carcinomas, as these tumors have a higher baseline risk of
containing BRCA germline mutations [22]. Moreover, 2/21 (9.5%) studies only checked
for mutations common in the Polish population [31,34]. The risk of false positive BRCA
germline mutations is considered to be small, as many studies performed second-line
sequencing for validation.
For flow and timing, most studies (11/21, 52.4%) were judged as having a moderate risk
of bias, because either the methylation and mutation analysis were not performed in
every case or the cases did not receive the same reference standard. The most common
causes of missing values were that sporadic tumors did not receive mutation analysis,
there was a pre-selection for methylation analysis (based upon LOH or mRNA data)
or there was insufficient DNA for methylation analysis. This may have caused false
negatives for both BRCA germline mutations and BRCA promoter methylation. The
application of different mutation analysis techniques can be explained by differences in
delay between mutation and methylation analysis. Seven studies (33.3%) were judged
as having a high or unclear risk of bias and 3 studies (14.3%) as having a low risk of
bias. In addition, there are two studies with a risk of reporting bias, as they should have
obtained data on BRCA2 promoter methylation but did not report the results [27,29].
The risk of publication bias was considered to be relatively low. One could imagine a risk
of publication bias at the expense of studies not showing BRCA promoter methylation
in BRCA germline mutation carriers, as this would be less newsworthy. However, most
of the latest papers show no BRCA promoter methylation in BRCA mutation carriers
[23,24,27,29].

DISCUSSION
This study is the first systematic review that has investigated to what extent BRCA1 and
BRCA2 promoter hypermethylation has been reported in breast and ovarian carcinomas
of BRCA1/2 germline mutation carriers and what the diagnostic accuracy would be
if BRCA promoter methylation analysis were to be used to rule out BRCA germline
mutations when methylation would be detected. Our comprehensive literature search
identified 21 eligible studies. Overall, BRCA1 hypermethylation was found in at least
10/265 (3.6%) breast and 2/174 (1.1%) ovarian carcinomas of BRCA germline mutation
carriers, whereas BRCA2 hypermethylation was found in at least 7/131 (5.3%) breast
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and 0/51 (0.0%) ovarian carcinomas of BRCA germline mutation carriers. Our review
shows that BRCA promoter hypermethylation is rare in breast and ovarian carcinomas of
BRCA germline mutation carriers, but is relatively more frequent in breast carcinomas.
Moreover, BRCA2 promoter methylation, although being less studied, occurs more
frequently than BRCA1 promoter methylation in breast cancer. When the presence of
BRCA1 promoter methylation would be used to rule out BRCA1/2 germline mutations,
the pooled results would yield a sensitivity of at most 96.4% and 98.9%, and specificity
of at most 23.1% and 14.7% for breast and ovarian carcinomas, respectively. For BRCA2
promoter methylation, the sensitivity would be at most 58.3% and 100%, specificity of
at most 7.6% and 0.6%, for breast and ovarian carcinomas, respectively.
The results of this review should, however, be interpreted with caution as it is challenging
to pool the results of the individual studies which vary significantly in setting (e.g.
population, tumor type), sample size, methylation and mutation analysis methods (e.g.
differences in quality input material, cutoffs, targeted CpG sites or exons), and quality and
risk of bias. The selected studies show in general a limited extent of methylation analysis
with differences in targeted CpG sites and incomplete mutation analysis. Interestingly,
the studies with the most extensive methylation and mutation analyses and a relatively
large sample size show no BRCA promoter methylation in the BRCA-associated ovarian
carcinomas [25,27,29]. Moreover, these studies have relatively limited risks of bias in
comparison to studies that show a number of BRCA-associated cancers with BRCA
promoter hypermethylation using limited methylation and mutation analyses.
As a result of the limited extent of methylation and mutation analysis together with
missing variables such as no mutation analysis in clinically sporadic tumors or debatable
prerequisites for methylation analysis such as decreased BRCA mRNA levels, the
frequency of BRCA promoter hypermethylation in BRCA germline mutation carriers
with breast or ovarian carcinomas may have been underestimated. Currently, no specific
CpG sites could be identified that are more or less likely to be methylated in BRCAassociated cancers due to limited data. Vos and Moelans et al. (2017), and Daniels
and Burghel et al. (2016, not included for this review) have shown that methylation
frequencies vary considerably between CpG sites in BRCA1 as well as BRCA2 promoter
regions and that some CpG sites seem to be more frequently methylated in BRCA1/2associated compared to sporadic breast carcinomas [21,40]. Despite the apparent
influence on methylation frequency, the other selected studies did not specify at which
CpG locus methylation was detected, if possible.
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Correlation between BRCA methylation and gene expression
Several studies have demonstrated that BRCA1 promoter methylation could lead
to downregulation of gene expression with reduction of BRCA1 mRNA and protein
expression in breast and ovarian carcinomas as a mechanism of somatic BRCA1
inactivation, functionally equivalent to harbouring a BRCA1 germline mutation
[12,25,47–54,30,36,41–46]. However, according to The Cancer Genome Atlas (TCGA)
Research Network data, methylation of specific CpG sites within the BRCA1 and BRCA2
promoters showed in general weak correlations with mRNA levels (highest Spearman’s
correlation coefficient of -0.333 and -0.124 for BRCA1 and BRCA2, respectively) [55].
In breast cancer, somatic inactivation of BRCA1 by hypermethylation has been shown to
be correlated with a BRCA1-like (basal-like) phenotype and homologous recombination
deficiency [10,23,59,24,30,41,49,52,56–58]. For BRCA2 methylation, the relationship
with gene expression and homologous recombination deficiency is less well studied
[60,61].
BRCA methylation and germline mutations paradigm
A proposed explanation for the lower levels of methylation generally observed in BRCAassociated cancer is that BRCA-associated tumors show more overall genomic instability
due to functional loss of BRCA1 or BRCA2. BRCA haploinsufficiency has been shown
to result in decreased DNA repair capacity and increased genomic instability [62–65].
Moreover, increased proliferation and copy number alterations have been observed
in normal breast tissues from healthy BRCA germline mutation carriers, whereas
methylation was rarely detected [33]. Therefore, BRCA-associated carcinogenesis is
thought to be mainly driven by mutations whereas methylation of tumor suppressor
genes is thought to play only a secondary role or to occur as a side-effect [66]. However,
other studies have shown increased methylation levels of BRCA and other genes in
normal breast and Fallopian tube tissues from BRCA germline mutation carriers [21,67].
Moreover, BRCA promoter hypermethylation has been observed in breast carcinomas
with retention of heterozygosity, although data are limited [17,18,35]. Thus it may be
possible that BRCA promoter methylation drives carcinogenesis in a subset of BRCA
carriers.
Limitations
At the study and outcome level, the main limitation of this review concerns the
heterogeneity, poor or incomplete reporting, as well as risk of bias of the included
studies with respect to setting and patient population, methylation and mutation
analyses and outcome definitions. At a review level, the risk of incomplete retrieval of
studies is considered to be small as a broad search strategy was applied and the data
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extraction process and analysis were systematic and comprehensive. However, studies
that performed methylation analysis solely on samples other than tissue, such as blood,
ascites or nipple fluid were not included.
Implications for practice and further research
This study’s results have important implications for clinical practice. At first,
methylation analysis has been proposed as a cost-effective pre-screening tool to rule out
BRCA germline mutations, similar to current practice for Lynch syndrome (i.e. MLH1
methylation analysis) [22,68]. BRCA methylation is said to occur at higher frequencies
in sporadic compared to BRCA germline mutation-related carcinomas, at least for
ovarian carcinomas, although large differences in incidence of BRCA methylation in
sporadic carcinomas have been reported. BRCA1 methylation has been observed in
5-36% of breast carcinomas and 11-89% of ovarian carcinomas in general [18,19,69–
74,20,23,27,30,34,44,46,49]. Interestingly, it has recently been shown that mechanisms
of homologous recombination deficiency may differ between ethnicity. In Caucasians,
BRCA1 mutations have been found to predominate, whereas in black people BRCA1
methylation was more frequent [57]. BRCA2 methylation has been reported in 0-44%
of breast and 0-98.7% of ovarian carcinomas in general [18–21,25,26,28,32,61,75].
However, it should be noted that the data on BRCA2 methylation are more controversial
as they are not reported or confirmed by TCGA studies, which are often regarded as the
‘gold standard’ in this field. Moreover, BRCA methylation occurs at higher frequencies
than BRCA somatic and germline mutations in breast and ovarian carcinomas and its
analysis is quicker and less expensive compared to mutation analysis [12,76,77]. However,
this review shows that, although the evidence and the quality thereof are limited, BRCA
germline mutations cannot be completely ruled out when BRCA promoter methylation
is detected in ovarian, but especially breast carcinomas. It is nevertheless important to
note that 100% sensitivity cannot be expected as some patients with BRCA germline
mutations may develop breast or ovarian cancer through sporadic carcinogenetic
mechanisms. These tumors may thereby more likely show BRCA methylation.
Secondly, BRCAness analysis, including BRCA germline and somatic mutation analysis,
is increasingly being performed for treatment purposes, such as chemotherapy
and poly ADP ribose polymerase (PARP) inhibitor treatment, in ovarian and breast
carcinomas [12,78–84]. Response to PARP inhibition has been found to be dependent
upon homologous recombination deficiency in general and not restricted to BRCA1/2
germline mutations [81,85–87]. The indications of PARP inhibitor treatment in clinical
ovarian and breast cancer care are expanding and may increasingly require BRCA
promoter methylation analysis as it has been shown that ovarian carcinomas with BRCA1
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methylation are sensitive to PARP inhibitors [12,78,89–93,79–85,88]. As to response
to platinum-based chemotherapy in ovarian carcinomas and BRCA1 methylation,
there have been contradictory reports [71,94–98]. For breast carcinomas as well as
BRCA2 methylation, the sensitivity to PARP inhibitor treatment and platinum-based
chemotherapy is under-examined and needs further clarification [74,99].
To summarize, BRCA methylation analysis might be used as a cost-effective prescreening tool to rule out BRCA germline mutations and for treatment indication.
However, as methylation frequencies vary considerably between CpG sites, further
research is needed to clarify which CpG sites are optimal for distinguishing sporadic
from BRCA-associated carcinomas, and which CpG sites are best predictive of treatment
response.

CONCLUSION
This systematic review shows that BRCA promoter methylation is rare in breast and
ovarian carcinomas of BRCA germline mutation carriers, although being relatively
more frequent in breast carcinomas, and varying between CpG sites. However, the
selected studies show differences in methodology and performed in general a limited
methylation and incomplete mutation analysis. Therefore, the frequency of BRCA
promoter methylation in BRCA germline mutation carriers with breast or ovarian
carcinomas may have been underestimated and thereby less mutually exclusive than
often thought. This could have major implications for clinical practice, where BRCAness
analysis for treatment management is increasingly being used.

SUPPLEMENTARY FILES
Supplementary files are available online.
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ABSTRACT
miRNA deregulation has been found to promote carcinogenesis. Little is known about
miRNA deregulation in hereditary breast tumors as no miRNA expression profiling
studies have been performed in normal breast tissue of BRCA1 and BRCA2 mutation
carriers. miRNA profiles of 17 BRCA1- and 9 BRCA2-associated breast carcinomas were
analyzed using microarrays. Normal breast tissues from BRCA1 and BRCA2 mutation
carriers (both n = 5) and non-mutation carriers (n = 10) were also included. Candidate
miRNAs were validated by qRT-PCR. Breast carcinomas showed extensive miRNA
alteration compared to normal breast tissues in BRCA1 and BRCA2 mutation carriers.
Moreover, normal breast tissue from BRCA1 mutation carriers already showed miRNA
alterations compared to non-mutation carriers. Chromosomal distribution analysis
showed several hotspots containing down- or up-regulated miRNAs. Pathway analysis
yielded many similarities between the BRCA1 and BRCA2 axes with miRNAs involved
in cell cycle regulation, proliferation and apoptosis. Lesser known pathways were also
affected, including cellular movement and protein trafficking. This study provides a
comprehensive insight into the potential role of miRNA deregulation in BRCA1/2associated breast carcinogenesis. The observed extensive miRNA deregulation is likely
the result of genome-wide effects of chromosomal instability caused by impaired BRCA1
or BRCA2 function. This study’s results also suggest the existence of common pathways
driving breast carcinogenesis in both BRCA1 and BRCA2 germline mutation carriers.
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INTRODUCTION
Breast cancer, the most common cancer as well as the leading cause of death in
women worldwide [1,2], can occur both in sporadic and hereditary settings. Germline
mutations in the BRCA1 or BRCA2 genes are the most common causes of breast cancer
predisposition resulting in a 70% and 60% lifetime risk of developing breast cancer,
respectively [3,4]. These BRCA1/2-associated breast carcinomas account for 5-7% of all
breast cancer cases [5]. Major progress in the classification of human breast tumors has
been made by gene expression (mRNA) profiling using microarray analysis defined by
luminal A, luminal B, basal-like and HER-2 subtypes [6–8].
More recently, miRNA expression profiling has been given much attention for further
classification. miRNAs are small non-coding RNAs of approximately 22 nucleotides
in length, that play an important role in post-transcriptional gene regulation, causing
translational repression or mRNA degradation of their target mRNAs [9]. Quantitative
and qualitative changes in miRNAs have been found to promote carcinogenesis, as they
could lead to increased expression of oncogenes and decreased expression of tumor
suppressor genes [10–18]. A global decrease in mature miRNA levels is found in tumors
compared to normal tissues [19,20], possibly attributed to the fact that many miRNAs
have tumor suppressor functions. miRNA expression profiles of sporadic breast tumors
show several differentially expressed miRNAs compared to normal breast tissue [21–24].
Differences in miRNA expression can partially explain breast cancer heterogeneity, such
as estrogen receptor (ER) [22,24] and progesterone receptor (PR) [22,24] expression and
presence of HER2 amplification [24]. Moreover, miRNA expression patterns can predict
therapy response and resistance [25]. These findings suggest that deregulated miRNA
expression is important in sporadic breast carcinogenesis. An advantage of miRNAs is
that they are more resistant to degradation caused by the formalin fixation process of
tissues [26]. Therefore, the opportunity to use miRNAs as biomarkers in formalin-fixed
paraffin-embedded (FFPE) samples, the usual processing method applied in pathology,
can be more rapidly translated to clinical practice [27].
Little is known about miRNA expression in BRCA1/2-associated breast carcinomas.
The identification of target genes and pathways affected by deregulated miRNAs in
BRCA1/2-associated breast carcinomas is important for attaining a better understanding
of BRCA1/2-specific breast tumorigenesis and could yield new diagnostic biomarkers
and therapeutic targets. The aims of this study were: (1) to analyze differences in
miRNA expression profiles between BRCA1/2-associated breast carcinomas, normal
breast tissue from BRCA1 and BRCA2 germline mutation carriers, and normal breast
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tissue from non-mutation carriers; (2) to obtain more insight into BRCA1/2-associated
carcinogenesis by identification of target genes and pathways regulated by miRNAs.

RESULTS
Clinicopathologic characteristics of tissue samples
The patient samples consisted of 5 classes: BRCA1-associated breast carcinomas
(BRCA1-C) (n = 17); BRCA2-associated breast carcinomas (BRCA2-C) (n = 9); normal
breast tissue from BRCA1 germline mutation carriers (BRCA1-N) (n = 5) and BRCA2
germline mutation carriers (BRCA2-N) (n = 5), both derived from prophylactic
mastectomies; and normal breast tissue from non-mutation carriers derived from
mammoplasty specimens (healthy-N) (n = 10). For external validation of specific
miRNAs by qRT-PCR, a second, independent, cohort of patient samples was used.
This cohort consisted of a total of 60 FFPE samples, obtained from the same archives.
The patient samples also consisted of 5 classes: BRCA1-C (n = 15); BRCA2-C (n = 15);
BRCA1-N (n = 10); BRCA2-N (n = 10); and Healthy-N (n = 10). Patient characteristics
are shown in Tables 1a and 1b for the first and second cohorts, respectively. Details on
the characterization of patient samples are given in the Supplementary methods.
Average age at diagnosis in the BRCA1-associated breast carcinomas was 46.1 years
(range 21 – 81) in the first cohort, and 41.3 years (range 28 – 56) in the second cohort.
The tumors were mainly of ductal type (58.8% and 93.3% in the first and second cohorts,
respectively), and ER, PR, and HER2 negative (58.8%, 76.5% and 82.4%, respectively
in the first cohort; and 80%, 86.7% and 80%, respectively in the second cohort). The
patients with BRCA2-associated breast cancer had an average age at diagnosis of 46.7
years (range 21 – 66) in the first cohort, and 45.8 years (range 27 – 67) in the second
cohort. These tumors were also mainly of ductal type (88.9% and 100% in the first
and second cohorts, respectively), ER positive (55.6% and 80% in the first and second
cohorts, respectively), PR negative (66.7%) in the first cohort and more PR positive
(53.3%) in the second cohort, and HER2 negative (100%) in the first cohort and more
HER2 positive (46.7%) in the second cohort. The average age of patients of whom
normal breast tissues were used, was 33.6, 36.2, and 30.4 years for BRCA1-N, BRCA2-N,
and Healthy-N in the first cohort, respectively; and 35.5, 41.0, and 40.4 years in the
second cohort, respectively.

136

miRNA expression in BRCA1/2-related normal breast tissues and breast carcinomas

Table 1a. Patient characteristics, initial cohort
Characteristics

Age in years
(mean ± SD)

n (%)
BRCA1
cancers

BRCA2
cancers

BRCA1
normal tissue

BRCA2
normal tissue

Healthy
normal tissue

46.1 ± 16.4
(range 21 - 81)

46.7 ± 14.8
(range 21 - 66)

33.6 ± 8.4
(range 26 - 49)

36.2 ± 7.7
(range 27 - 49)

30.4 ± 6.4
(range 21 - 38)

Grade
I

1

(5.9)

0

(0.0)

II

5

(29.4)

4

(44.4)

III

11

(64.7)

5

(55.6)

Ductal

10

(58.8)

8

(88.9)

Lobular

3

(17.6)

1

(11.1)

Medullary

3

(17.6)

0

(0.0)

Metaplastic

1

(5.9)

0

(0.0)

Negative

10

(58.8)

4

(44.4)

Positive

7

(41.2)

5

(55.6)

Negative

13

(76.5)

6

(66.7)

Positive

4

(23.5)

3

(33.3)

Negative

14

(82.4)

9

(100)

Positive

3

(17.6)

0

(0.0)

Tumor type

6

Estrogen receptor

Progesterone receptor

HER2 status

miRNA microarray analysis
Of the 2006 human miRNAs on the microarray, 862 miRNAs remained after filtering
on low expression variation. Differential expression analysis between the five classes
(BRCA1-C, BRCA2-C, BRCA1-N, BRCA2-N, and Healthy-N) was performed. The
numbers of differentially expressed miRNAs with fold change (FC) ≥ │1.5│and statistical
significance (False Discovery Rate (FDR) < 0.05) for each comparison are shown in
Table 2. The BRCA2-C vs. Healthy-N comparison yielded many more differentially
expressed miRNAs (n = 600) compared to the BRCA1-C vs. Healthy-N comparison
(n = 269). Moreover, the BRCA2-C vs. Healthy-N comparison yielded mainly upregulated miRNAs in contrast to down-regulated miRNAs in the BRCA1-C vs. Healthy-N
comparison. 317 miRNAs were differentially expressed in the BRCA1-C vs. BRCA2-C
comparison. There were 150 differentially expressed miRNAs between BRCA1-N and
Healthy-N. However, the BRCA2-N vs. Healthy-N comparison yielded no significant
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Table 1b. Patient characteristics, second cohort
Characteristics

n (%)
BRCA1
cancers

Age in years
(mean ± SD)

BRCA2
cancers

BRCA1
normal tissue

BRCA2
normal tissue

Healthy
normal
tissue

41.3 ± 9.1
45.8 ± 10.1
35.5 ± 6.5
41.0 ± 18.4
40.4 ± 12.5
(range 28 - 56) (range 27 - 67) (range 26 - 40) (range 28 - 54) (range 21 - 60)

Grade
I

0

(0.0)

0

(0.0)

II

1

(6.7)

3

20.0)

III
Missing

13 (86.7)
1

12 (80.0)

(6.7)

0

(0.0)

14 (93.3)

15

(100)

0

(0.0)

Tumor type
Ductal
Missing

1

(6.7)

Estrogen receptor
Negative

12 (80.0)

3 (20.0)

Positive

3 (20.0)

12 (80.0)

Progesterone receptor
Negative

13 (86.7)

7 (46.7)

Positive

2 (13.3)

8 (53.3)

7 (46.7)

HER2 status
Negative

12 (80.0)

Positive

2 (13.3)

7 (46.7)

Missing

1

1

(6.7)

(6.7)

results. Potential correlations between biological differences (irrespective of BRCA
status) and miRNA expression, which could have influenced above mentioned results,
were also investigated. miRNA expression did not show any significant correlations with
age (≤50 versus >50 years), grade (2 versus 3), the presence of lymph node metastases,
or expression of PR, ER, CK5/6, CK14, EGFR, or Ki-67 (<20 versus ≥20%), irrespective
of BRCA status (data not shown). However, HER2 expression and tumor type were
associated with differences in miRNA expression, irrespective of BRCA status. 85
miRNAs were significantly differentially expressed between HER2 positive and negative
tumors (see Supplementary table SI). One miRNA (miR-4633-5p) was significantly
differentially expressed between ductal and lobular breast carcinomas (FC = 1.71,
FDR = 0.0318, data not shown).
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Table 2. Number of differentially expressed miRNAs between classes
Class

Class compared to

Total differentially
expressed miRNAs

Up-regulated
miRNAs

Down-regulated
miRNAs

BRCA1 cancers
BRCA1 cancers

Healthy normal tissue

269

90

179

BRCA1 normal tissue

145

41

104

BRCA1 normal tissue

Healthy normal tissue

150

55

95

BRCA2 cancers

Healthy normal tissue

600

360

240

BRCA2 cancers

BRCA2 normal tissue

96

8

88

BRCA2 normal tissue

Healthy normal tissue

0

0

0

BRCA1 cancers

BRCA2 cancers

317

121

196

BRCA1 normal tissue

BRCA2 normal tissue

0

0

0

miRNAs with with fold change ≥ │1.5│ and statistical significance (False Discovery Rate < 0.05) are included in
this analysis using unpaired t-test for unequal variance.

Table 3. Top 10 differentially expressed miRNAs shared between the BRCA1 and BRCA2 axis
miRNA

Chromosomal location

Cancer vs. normal in

Cancer vs. normal in BRCA2

BRCA1 carriers

carriers

Unadjusted

FDR

FC

p-value

Unadjusted

FDR

FC

p-value

Up-regulated
hsa-miR-3676-5p

Chr17: 8090493-8090577 [+]

0.0034

0.0212

1.67

0.0000

0.0212

2.47

hsa-miR-937-5p

Chr8q24.3: 144895127-144895212 [-]

0.0052

0.0286

1.55

0.0046

0.0286

1.64

Down-regulated
hsa-miR-99a-3p

Chr21q21.1: 17911409-17911489 [+]

0.0000

0.0000

25.29

0.0000

0.0048

25.79

hsa-miR-204-5p

Chr9q21.12: 73424891-73425000 [-]

0.0000

0.0000

67.98

0.0000

0.0048

227.67

hsa-miR-4328

ChrX: 78156691-78156746 [-]

0.0000

0.0000

17.93

0.0001

0.0048

33.96

hsa-miR-136-3p

Chr14q32.2: 101351039-101351120 [+]

0.0000

0.0000

58.28

0.0001

0.0048

67.82
13.60

hsa-miR-99a-5p

Chr21q21.1: 17911409-17911489 [+]

0.0000

0.0000

6.76

0.0000

0.0048

hsa-miR-125b-5p

Chr11q24.1: 121970465-121970552 [-]

0.0000

0.0000

5.35

0.0001

0.0058

11.97

hsa-miR-100-5p

Chr11q24.1: 122022937-122023016 [-]

0.0000

0.0001

4.27

0.0001

0.0082

10.01

hsa-miR-4770

ChrX: 6301947-6302004 [-]

0.0000

0.0001

14.09

0.0000

0.0031

35.44

hsa-miR-195-5p

Chr17p13.1: 6920934-6921020 [-]

0.0000

0.0001

4.65

0.0001

0.0053

10.82

hsa-miR-199b-5p

Chr9q34.11: 131007000-131007109 [-]

0.0000

0.0001

5.77

0.0006

0.0195

10.57

Ranking of miRNAs based upon FDR (smallest to largest) and FC (largest to smallest). Chromosomal locations are based upon NCBI
Gene results and GRCh37.p5 coordinates. miRNAs marked in yellow are selected for qRT-PCR validation. This selection is based
upon above described ranking and availability of qRT-PCR primers. FDR = false discovery rate. FC = fold change.
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We focused on BRCA1-C vs. BRCA1-N and BRCA2-C vs. BRCA2-N comparisons, as
differentially expressed miRNAs from these comparisons could play a role in BRCA1/2associated breast carcinogenesis. The BRCA1-C vs. BRCA1-N comparison yielded 145
miRNAs compared to 96 in the BRCA2-C vs. BRCA2-N comparison. These comparisons
had 53 miRNAs in common. The shared miRNAs, and the BRCA1 and BRCA2 axisspecific miRNAs were ranked based upon FDR and subsequently on fold change, and
the top 10 miRNAs are shown in Tables 3-5. Of these, the following miRNAs were
selected for qRT-PCR validation, based on assay availability: miR-99a, miR-210, miR21, miR-183, miR-378, miR-153, miR-4443, miR-1287, let-7b and miR-551b.

Table 4. Top 10 differentially expressed miRNAs specifically altered between normal tissues and cancers of
BRCA1 carriers
miRNA

Chromosomal location

Unadjusted
p-value

FDR

FC

Up-regulated
hsa-miR-1307-3p

Chr10: 105154010-105154158 [-]

0.0000

0.0001

1.70

hsa-miR-210

Chr11p15.5: 568089-568198 [-]

0.0000

0.0002

4.61

hsa-miR-3162-3p

Chr11: 59362550-59362631 [-]

0.0000

0.0002

2.41

hsa-miR-155-5p

Chr21q21.3: 26946292-26946356 [+]

0.0000

0.0003

3.59

hsa-miR-21-5p

Chr17q23.1: 57918627-57918698 [+]

0.0000

0.0004

3.62

hsa-miR-4306

Chr13: 100295313-100295403 [+]

0.0000

0.0004

1.83

hsa-miR-183-5p

Chr7q32.2: 129414745-129414854 [-]

0.0000

0.0007

7.19

hsa-miR-185-5p

Chr22q11.21: 20020662-20020743 [+]

0.0000

0.0009

2.47

hsa-miR-574-5p

Chr4: 38869653-38869748 [+]

0.0000

0.0009

2.71

hsa-miR-4455

Chr4: 185859537-185859594 [-]

0.0001

0.0012

3.27

hsa-miR-378a-5p

Chr5q32: 149112388-149112453 [+]

0.0000

0.0000

29.07

hsa-miR-153

Chr2q35: 220158833-220158922 [-]

0.0000

0.0000

18.90

hsa-miR-29a-5p

Chr7q32.3: 130561506-130561569 [-]

0.0000

0.0004

7.32

hsa-miR-1258

Chr2q31.3: 180725563-180725635 [-]

0.0000

0.0004

12.82

hsa-miR-335-3p

Chr7q32.2: 130135952-130136045 [+]

0.0000

0.0006

14.98

hsa-miR-6500-3p

Chr1: 51525690-51525775 [+]

0.0000

0.0006

10.69

hsa-let-7i-3p

Chr12q14.1: 62997466-62997549 [+]

0.0000

0.0007

47.60

hsa-miR-411-5p

Chr14q32.31: 101489662-101489757 [+]

0.0000

0.0007

47.60

hsa-miR-219-5p

Chr6p21.32: 33175612-33175721 [+]

0.0000

0.0009

15.36

hsa-miR-139-5p

Chr11q13.4: 72326107-72326174 [-]

0.0000

0.0009

11.10

Down-regulated

Ranking of miRNAs based upon FDR (smallest to largest) and FC (largest to smallest). Chromosomal locations
are based upon NCBI Gene results and GRCh37.p5 coordinates. miRNAs marked in grey are selected for qRTPCR validation. This selection is based upon above described ranking and availability of qRT-PCR primers.
FDR = false discovery rate. FC = fold change.
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Table 5. Top 10 differentially expressed miRNAs specifically altered between normal tissues and cancers of BRCA2
carriers
miRNA

Chromosomal location

Unadjusted
p-value

FDR

FC

Up-regulated
hsa-miR-4778-5p

Chr2: 66585381-66585460 [-]

0.0002

0.0105

1.62

hsa-miR-4443

Chr3: 48238054-48238106 [+]

0.0005

0.0169

2.05

hsa-miR-5010-5p

Chr17: 40666206-40666325 [+]

0.0022

0.0333

1.62

hsa-miR-1287

Chr10q24.2: 100154975-100155064 [-]

0.0039

0.0434

1.91

hsa-miR-663b

Chr2: 133014539-133014653 [-]

0.0045

0.0459

2.05

hsa-miR-4688

Chr11: 46397952-46398034 [+]

0.0060

0.0489

1.61

Down-regulated
hsa-miR-664b-5p

ChrX: 153996871-153996931 [+]

0.0000

0.0048

2.72

hsa-let-7b-5p

Chr22q13.31: 46509566-46509648 [+]

0.0005

0.0169

4.37

hsa-miR-29b-1-5p

Chr7q32.3: 130562218-130562298 [-]

0.0007

0.0195

17.92

hsa-miR-551b-3p

Chr3q26.2: 168269642-168269737 [+]

0.0009

0.0242

63.99

hsa-let-7g-5p

Chr3p21.1: 52302294-52302377 [-]

0.0010

0.0255

4.21

hsa-miR-650

Chr22q11.22: 23165270-23165365 [+]

0.0011

0.0264

1.97

hsa-miR-29a-3p

Chr7q32.3: 130561506-130561569 [-]

0.0012

0.0268

3.81

hsa-miR-1234-3p

Chr8: 145625476-145625559 [-]

0.0012

0.0268

1.86

hsa-miR-224-3p

ChrXq28: 151127050-151127130 [-]

0.0016

0.0295

45.54

hsa-miR-148a-3p

Chr7p15.2: 25989539-25989606 [-]

0.0017

0.0295

4.97

6

Ranking of miRNAs based upon FDR (smallest to largest) and FC (largest to smallest). Chromosomal locations
are based upon NCBI Gene results and GRCh37.p5 coordinates. miRNAs marked in grey are selected for qRTPCR validation. This selection is based upon above described ranking and availability of qRT-PCR primers.
FDR = false discovery rate. FC = fold change.

miRNA validation by qRT-PCR
miRNA validation by qRT-PCR was performed in the same samples as used for
microarray analysis together with an independent cohort of samples, yielding a
combination of internal and external validation of the initial miRNA microarray results.
By doing this, more well founded results would be obtained that are also generalizable
to other cases. All miRNAs selected for qRT-PCR validation, except miR-1287, were
differentially expressed in the same direction in qRT-PCR as in microarray analysis
between the invasive breast carcinomas and the asymptomatic normal breast tissues
of BRCA1 and BRCA2 germline mutation carriers (see Table 6). However, qRT-PCR
analysis appeared to be more sensitive compared to microarray analysis. miRNAs
miR-210, miR-21, miR-183 and miR-153 were specifically differentially expressed
between the BRCA1-C and BRCA1-N stages in microarray analysis and were confirmed
by qRT-PCR analysis. Only miR-378 was not significantly differentially expressed
between the BRCA1-C and BRCA1-N stages in qRT-PCR analysis. Noteworthy, all the
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Table 6. miRNA validation by qRT-PCR: test statistics
Invasive breast carcinomas vs. asymptomatic normal breast tissues of BRCA1 and BRCA2 germline mutation carriers

Kruskal-Wallis test
Signifance level

Let-7b

miR-153

miR-183

miR-210

miR-378 miR-4443 miR-551b miR-1287

31.904

26.434

76.684

74.067

26.808

23.231

31.321

0.000

0.000

0.000

0.000

0.000

0.000

0.000

miR-21

miR-99a

5.655

77.210

63.637

0.226

0.000

0.000

microarray specifically differentially miRNAs between BRCA1-C and BRCA1-N were
also significantly differentially expressed between the BRCA2-C and BRCA2-N stages
in qRT-PCR analysis.
Of miRNAs specifically differentially expressed between the BRCA2-C and BRCA2-N
stages in microarray analysis (let-7b, miR-4443, miR-551b, miR-1287), miR-4443 and
miR-1287 were not significantly differentially expressed between these two classes in
qRT-PCR analysis. Let-7b was found to be specifically deregulated between invasive
breast carcinomas and asymptomatic normal breast tissues in BRCA2 germline mutation
carriers. miR-551b was found to be significantly differentially expressed between the
BRCA2-C and BRCA2-N stages as well as between the BRCA1-C vs. BRCA1-N stages.
miR-4443 was however found to be significantly differentially expressed between the
BRCA1-C and BRCA1-N stages by qRT-PCR. qRT-PCR analysis of miR-99a confirmed
the microarray results showing that it was down-regulated in both BRCA1- and BRCA2associated breast carcinomas compared to their normal breast tissue counterparts.
Chromosomal distribution
Chromosomal distribution of the differentially expressed miRNAs from the BRCA1-C
vs. BRCA1-N (n = 145) and BRCA2-C vs. BRCA2-N (n = 96) comparisons were also
investigated (Figure 1). Chromosomes 4, 7, 10, 12, 17, and 19 showed a higher number
of deregulated miRNAs in the BRCA1 axis, while chromosomes 6 and 13 showed a
higher number of miRNAs deregulated in the BRCA2 axis. However, the chromosomal
distribution between the two axes was not significantly different (Fischer’s exact test:
p = 0.989). A more detailed view is given in Figure 2, showing the differentially expressed
miRNAs at their exact localization on the chromosomes, their direction of change, and
whether these miRNAs are shared between the BRCA1 and BRCA2 axis. Only miRNAs
of which the exact localization within the chromosomes was known are included in
this figure. The amount of miRNAs of which the localization was not known was n = 44
for the BRCA1-C vs. BRCA1-N comparison and n = 20 for the BRCA2-C vs. BRCA2-N
comparison). Within chromosomes, a mixture of up- and down-regulated miRNAs was
seen, although within hotspots (≥ 4 miRNAs at the same locus) the miRNAs showed
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Figure 1. Number of differentially expressed miRNAs per chromosome from the comparison between cancers and
normal tissue from BRCA1 and BRCA2 carriers, respectively
Explanation: Fisher’s exact test: 10.200, p-value: 0.989. BRCA1-C = BRCA1-associated breast carcinomas;
BRCA2-C = BRCA2-associated breast carcinomas; BRCA1-N = normal breast tissue from BRCA1 germline
mutation carriers; BRCA2-N = normal breast tissue from BRCA2 germline mutation carriers.

a similar direction of deregulation. Shared hotspots between the BRCA1 and BRCA2
axes were 5q32, 14q32.2, 14q32.31, and 21q21.1 (all down-regulated). A BRCA1-specific
hotspot was 7q32.2 (mainly up-regulated miRNAs). The chromosomal location of 3
deregulated miRNAs (miR-100-5p, miR-125b-5p, and miR-150-5p) matches hotspot
regions of genomic instability in BRCA1/2-associated breast carcinomas [28]. Several
more miRNAs are located at fragile sites in the genome [29], 20.8% and 22.4% for the
BRCA1 and BRCA2 axis, respectively (Figure 2).
Unsupervised clustering
The most distinguishing parts between the classes of the full heatmap are shown in
Figure 3. Seven individual clusters in two main groups were seen, largely separating
breast cancers (BRCA2-C more than BRCA1-C) from the BRCA1/2-N and Healthy-N
normal breast tissue samples. In general, most BRCA1/2-N tissues clustered with
healthy-N tissue. However, some of them clustered with BRCA1/2-C. miRNAs showing
a significantly different expression pattern between these two groups are surrounded
with a box (Figure 3). These miRNAs, which might distinguish BRCA1 and BRCA2
germline carriers with a higher risk from those with a lower risk of developing breast
cancer, are involved in pathways such as integrin signaling, estrogen receptor signaling,
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Figure 2. Chromosomal location of differentially expressed miRNAs between the normal tissue and cancers of
BRCA1 and BRCA2 carriers, respectively
I. Chromosomal distribution of miRNAs differentially expressed between normal tissue and cancers of BRCA1
carriers. II. Chromosomal distribution of miRNAs differentially expressed between normal tissue and cancers of
BRCA2 carriers. All differentially expressed miRNAs from both comparisons with fold change ≥ │1.5│and false
discovery rate < 0.05 and known exact chromosomal location are presented. Within chromosomes a mixture of
up- and down-regulated miRNAs can be seen. Several hotspots (≥ 4 miRNAs at the same locus) can be seen,
in which the miRNAs show a similar direction of deregulation. The miRNA locations partly overlap with known
hotspots of chromosomal instability in BRCA1- and BRCA2-associated carcinomas and fragile sites in the
genome, in which miRNAs are often located.
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Figure 3. Unsupervised clustering results
Clustering was performed on both all samples and all miRNAs using a Self-Organizing Map algorithm. From
the total heatmap, the most distinguishing parts between the classes are shown in this figure. For further
information on the figure, see the legend in the top right corner. The clustering indicates that miRNAs can separate
carcinomas (BRCA2 > BRCA1) from the normal breast tissue of both BRCA1/2 and non-mutation carriers. In
general, normal breast tissue of BRCA1/2-mutation carriers clusters more with normal breast tissue from noncarriers. However, some of them cluster better with BRCA1/2-associated breast carcinomas.
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breast cancer regulation by Stathmin1, HIF1α Signaling, Wnt/β-catenin Signaling, and
p53 signaling (IPA analysis). Patient samples similar in age, ER, PR, and HER2 status
did not cluster together.
Target gene and pathway analysis by DIANA-mirPath
Differentially expressed miRNAs between the BRCA1-C and BRCA1-N with fold
change ≥ │2.0│ and FDR < 0.05 yielded 216 significantly enriched pathways. These
miRNAs target multiple genes in pathways involved in cell proliferation, apoptosis,
protein ubiquitination, gene transcription, and extra-cellular matrix (ECM-) receptor
signaling. There were 208 significantly enriched pathways for the BRCA2-C vs.
BRCA2-N comparison, showing many pathways specific for the BRCA1 or BRCA2 axis
(data not shown). The top 10 enriched pathways and a number of biologically interesting
pathways (p < 0.05) are shown in Tables 7-8. A more detailed overview containing the
gene names and miRNA entities for each enriched pathway is given in Supplementary
table SII. Specific target analysis for the miRNAs selected for qRT-PCR was performed
using IPA (p < 0.05) (Tables 9-10). The number of targeted genes varied from 0 (hsamiR-99a-3p) to 19 (hsa-miR-21-5p and hsa-miR-4443).

Table 7. DIANA-mirPath pathway enrichment analysis for miRNAs differentially expressed between normal tissues
and cancers of BRCA1 carriers
Rank

KEGG pathway

p-value

N of genes

N of miRNAs

1

Prion diseases

0.0000

3

3

2

Pathways in cancer

0.0000

154

20

3

PI3K-Akt signaling pathway

0.0000

175

21

4

Prostate cancer

0.0000

58

23

5

Wnt signaling pathway

0.0000

100

31

6

Neurotrophin signaling pathway

0.0000

70

21

7

Axon guidance

0.0000

69

18

8

MAPK signaling pathway

0.0000

120

18

9

TGF-beta signaling pathway

0.0000

47

16

10

Ubiquitin mediated proteolysis

0.0000

76

13

15

ErbB signaling pathway

0.0000

52

15

17

Transcriptional misregulation in cancer

0.0000

78

15

26

ECM-receptor interaction

0.0000

22

8

32

p53 signaling pathway

0.0000

37

12

Table showing significantly enriched pathways (p < 0.05) and the number of genes targeted by how many of the
top miRNAs differentially expressed between BRCA1-C and BRCA1-N conditions with fold change ≥ │2.0│ and
FDR < 0.05 using DIANA-mirPath pathway enrichment analysis. The ranking is based upon a combination of
p-value, N of genes and N of miRNAs.
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Table 8. DIANA-mirPath pathway enrichment analysis for miRNAs differentially expressed between normal
tissues and cancers of BRCA2 carriers
Rank

KEGG pathway

p-value

N of genes

N of miRNAs

1

Prion diseases

0.0000

1

4

2

Protein digestion and absorption

0.0000

33

13

3

Amoebiasis

0.0000

44

15

4

Axon guidance

0.0000

70

17

5

ECM-receptor interaction

0.0000

31

17

6

Small cell lung cancer

0.0000

46

17

7

Long-term potentiation

0.0000

43

18

8

ErbB signaling pathway

0.0000

53

19

9

Ubiquitin mediated proteolysis

0.0000

76

19

10

Insulin signaling pathway

0.0000

70

19

14

MAPK signaling pathway

0.0000

126

25

15

Pathways in cancer

0.0000

176

26

19

PI3K-Akt signaling pathway

0.0000

197

36

20

Wnt signaling pathway

0.0000

101

38

22

TGF-beta signaling pathway

0.0000

49

18

27

p53 signaling pathway

0.0000

40

19

31

Transcriptional misregulation in cancer

0.0000

76

20

53

HIF-1 signaling pathway

0.0010

46

10

6

Table showing significantly enriched pathways (p < 0.05) and the number of genes targeted by how many of the
top miRNAs differentially expressed between BRCA2-C and BRCA2-N conditions with fold change ≥ │2.0│ and
FDR < 0.05 using DIANA-mirPath pathway enrichment analysis. The ranking is based upon a combination of
p-value, N of genes and N of miRNAs.

Targeted genes of miRNAs specific for the BRCA1-N to BRCA1-C transition are
involved in several cellular processes associated with BRCA1 function, such as cell
cycle regulation (BTG2, BTRC, CDK6, and E2F1), proliferation (ACTVR1B, BTRC,
and DVL3), apoptosis (BCL2, FAS, TNF, and PTEN), but also less expected processes,
including epithelial junctions and ECM interaction (ACTA2, ACVR1B, FGF1, PRKACB,
and PTEN), cellular movement (FGF9 and PIK3R1), protein trafficking (DNM3, FGF1,
FGF9, and RAB7A), and metabolism (FOXO3 and PTPN1).
Targeted genes of miRNAs specific for the BRCA2-N to BRCA2-C transition are
involved in many similar processes, including epithelial junctions and ECM interaction
(ACTA11, ACVR1B, CDLDN19, and FGF11), apoptosis (CASP2, and FAS), protein
trafficking (FGF11, and ITGA2B), proliferation (CDH5, DACVR1B, DVL3, ERBB3,
LRP6, and RPS20), cell cycle regulation (BTG2, CDK6, E2F2, PPP2R2A, and RBL2),
and cellular movement (FGF11). Some of the targeted genes are shared with the BRCA1
axis (ACVR1B, BTG2, CDK6, DVL3, and FAS) or belong to the same family (e.g.
FGFs or E2F), although they are regulated by different miRNAs. However, miRNAs
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Table 9. IPA target gene analysis on miRNAs specifically altered between normal tissue and cancers of BRCA1
carriers and selected for qRT-PCR
miRNA

Targeted genes Associated pathways

hsa-miR-153

ACVR1B

Epithelial adherens junction, PPARα/RXRα activation, TGF-β signaling, Wnt/β-catenin
signaling

BCL2

Apoptosis, glucocorticoid receptor signaling, p53 signaling, PEDF signaling, PI3K/AKT
signaling, PTEN signaling, TGF-β signaling, VEGF signaling
ATM signaling
Clathrin-mediated endocytosis signaling, remodeling of epithelial adherens junctions
Embryonic stem cell pluripotency, regulation of the epithelial-mesenchymal transition
pathway, Wnt/β-catenin signaling
Glucocorticoid receptor signaling, IGF-1 signaling, insulin receptor signaling, PI3K/AKT
signaling, PTEN signaling, PXR/RXR activation, VEGF signaling
Clathrin-mediated endocytosis signaling, remodeling of epithelial adherens junctions

CBX5
DNM3
DVL3
FOXO3
RAB7A
SNAI1
hsa-miR-183-5p

BTRC
FGF9
FOXO1
PRKACB

hsa-miR-21-5p

ACTA2

Actin cytoskeleton signaling, gap junction/integrin/tight junction signaling, VEGF signaling

BMPR2
BTG2
CDK6
CDKN1A

BMP signaling, adherens junction signaling, PPARα/RXRα activation, TGF-β signaling
Cell cycle regulation
Cyclins and cell cycle regulation, HER-2 signaling, hereditary breast cancer signaling
See CDK6, role of BRCA1 in DNA damage response, p53 signaling, PI3K/AKT signaling,
PTEN signaling
Actin cytoskeleton signaling, role of tissue factor in cancer
Breast cancer regulation by Stathmin1, cyclins and cell cycle regulation, hereditary breast
cancer signaling, p53 signaling, role of BRCA1 in DNA damage response
Apoptosis, p38 MAPK signaling, p53 signaling, PEDF signaling, PTEN signaling
Actin cytoskeleton signaling, clathrin-mediated endocytosis signaling, epithelial adherens
junction signaling, FGF signaling, regulation of the epithelial-mesenchymal transition
pathway
Notch signaling, regulation of EMT pathway
Actin cytoskeleton signaling, breast cancer regulation by Stathmin1, HER-2 signaling in
breast cancer, hereditary breast cancer signaling,p53 signaling, PTEN signaling, regulation
of EMT pathway, VEGF signaling
Adherens junction signaling, ErbB signaling, hereditary breast cancer signaling, integrin
signaling, p53 signaling, PI3K/AKT signaling, PTEN signaling, role of tissue factor in cancer,
tight junction signaling
p53 signaling

JAG1
PIK3R1

PTEN

SERPINB5
TGFBR2
TNF
ACVR1B
E2F3
FGFRL1
PTPN1
hsa-miR-378a-5p
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Actin cytoskeleton signaling, clathrin-mediated endocytosis signaling, FGF signaling,
regulation of the epithelial-mesenchymal transition pathway
ErbB signaling, IGF-1 signaling, PI3K/AKT signaling, PTEN signaling, VEGF signaling
Breast cancer regulation by Stathmin1, CDK5 signaling, NF-κB signaling PPARα/RXRα
activation, tight junction signaling, cAMP-mediated signaling, eNOS signaling
ATM signaling, DNA double-strand break repair by homologous recombination, DNA
double-strand break repair by non-homologous end joining, hereditary breast cancer
signaling, role of BRCA1 in DNA damage response, role of CHK proteins in cell cycle
checkpoint control, telomere extension by telomerase

FAS(LG)
FGF1

All p < 0.05, using IPA.

Cyclins and cell cycle regulation, NF-κB signaling, Wnt/β-catenin signaling

RAD50

CFL2
E2F1

hsa-miR-210

Epithelial adherens junction signaling, ILK signaling, regulation of the epithelialmesenchymal transition pathway

SUFU

Adherens junction signaling, glucocorticoid receptor signaling, p38 MAPK signaling,
PPARα/RXRα activation, TGF-β signaling, tight junction signaling, Wnt/β-catenin signaling
Apoptosis, glucocorticoid receptor signaling, p38 MAPK signaling, PPAR signaling, tight
junction signaling
Adherens junction signaling, PPARα/RXRα activation, TGF-β signaling, Wnt/β-catenin
signaling
Breast cancer regulation by Stathmin1, cyclins and cell cycle regulation, estrogen-mediated
S-phase entry, role of BRCA1 in DNA damage response
FGF signaling, NF-κB signaling, PTEN signaling, regulation of EMT pathway
Caveolar-mediated endocytosis signaling, insulin receptor signaling, JAK/Stat signaling,
protein kinase A signaling
Molecular mechanisms of cancer
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Table 10. IPA target gene analysis on miRNAs specifically altered between normal tissue and cancers of BRCA2
carriers and selected for qRT-PCR
miRNA

Targeted genesAssociated pathways

hsa-let-7b-5p

ACTA1
ACVR1B
BTG2
CDK6
DVL3
E2F2

FAS(LG)
FGF11
PPP2R2A

ILK signaling, integrin signaling, regulation of actin-based motility by Rho, remodeling of
epithelial adherens junctions, tight junction signaling, VEGF Signaling
Epithelial adherens junction signaling, PPARα/RXRα activation, TGF-β signaling, Wnt/βcatenin signaling
Cell cycle regulation
Cyclins and cell cycle regulation, HER-2 signaling, hereditary breast cancer signaling
Embryonic stem cell pluripotency, regulation of the epithelial-mesenchymal transition
pathway, Wnt/β-catenin signaling
Breast cancer regulation by Stathmin1, cyclins and cell cycle regulation, estrogen-mediated
S-phase entry, role of BRCA1 in DNA damage response, role of CHK proteins in cell cycle
checkpoint control
Apoptosis, p38 MAPK signaling, p53 signaling, PEDF signaling, PTEN signaling
Actin cytoskeleton signaling, clathrin-mediated endocytosis signaling, FGF signaling
regulation of the epithelial-mesenchymal transition pathway
Breast cancer regulation by Stathmin1, cyclins and cell cycle regulation, ERK/MAPK
signaling, ILK signaling, telomerase signaling, tight junction signaling, Wnt/β-catenin signaling

hsa-miR-1287

ERBB3
HTR2B
RBL2
RPS20

ErbB signaling
G-protein coupled receptor signaling, gap junction signaling
G1/S checkpoint regulation, role of BRCA1 in DNA damage response
EIF2 signaling, mTOR signaling

hsa-miR-4443

CDH5
CLDN18
DLL4
F2RL2
FAS
IL1RN
ITGA2B
LRP6
NCOA1
NTRK3
PCK1
PLCL1
PRKAA2

Wnt/β-catenin signaling
Tight junction signaling
Notch signaling
Tight junction signaling
Apoptosis, p38 MAPK signaling, p53 signaling, PEDF signaling
NF-κB signaling, p38 MAPK signaling, PPAR signaling
Caveolar-mediated endocytosis signaling, integrin signaling
Wnt/β-catenin signaling
Androgen signaling, estrogen receptor signaling, HIF1α signaling, PPAR signaling
NF-κB signaling, PTEN signaling
Estrogen receptor signaling
Gap junction signaling, PPARα/RXRα activation, protein kinase A signaling
AMPK signaling, eNOS signaling, glucocorticoid receptor signaling, mTOR signaling, PPARα/
RXRα activation
RAR activation, Wnt/β-catenin signaling
Protein kinase A signaling, regulation of EMT pathway, Wnt/β-catenin signaling
Inhibition of TSP1, p53 signaling
FAK signaling
Breast cancer regulation by Stathmin1

RARB
SMO
THBS1
TNS1
TRPC5
hsa-miR-551b

CASP2
ERBB4
HES7
MEF2C

Apoptosis, TNFR1 signaling
ErbB signaling
Notch signaling
Calcium signaling, ERK5 signaling, p38 MAPK signaling, phospholipase C signaling, PPARα/
RXRα activation

NTRK2

NF-κB signaling, PTEN signaling

All p < 0.05, using IPA.

deregulated in the BRCA2 axis show more targeted genes involved in estrogen receptor
signaling compared to the BRCA1 axis. A more detailed overview of the targeted genes
and associated pathways can be found in Supplementary table SIII.
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Comparison with published miRNA expression data
The systematic search yielded 1739 articles in PubMed. Six articles met the inclusion and
exclusion criteria [22,27,30–33]. An overview of the selected studies is given in Table 11.
Five studies used sporadic breast carcinomas, whereas the study of Tanic et al. (2012)
[32] investigated miRNA expression in “familial” breast cancer, including patients
with proven BRCA1 or BRCA2 germline mutations and non-BRCA1/2-associated
familial carcinomas. Tumor-adjacent normal breast tissue, normal breast tissue from
mammoplasty surgeries and normal breast tissue from prophylactic mastectomies
were used as normal breast tissue controls in the different studies. Unfortunately, many
patient characteristics could not be derived. The number of differentially expressed
miRNAs was lower in all studies compared to the present study. Moreover, four out of
six studies reported more up-regulated miRNAs compared to down-regulated miRNAs.
The studies show little overlap in miRNA expression patterns: only 15 out of 92 (16.3%)
up-regulated miRNAs and 15 out of 101 (14.9%) down-regulated miRNAs were reported
by at least two studies (Table 12). Most frequently reported deregulated miRNAs were
miR-21 (up-regulated in five studies), miR-155 (up-regulated in three studies), miR145 (down-regulated in three studies) and miR-143 (down-regulated in three studies).
Other up-regulated miRNAs, reported by two studies, were miR-181b, miR-98, miR20a, miR-183, miR-141, miR-200b, miR-106b, miR-425, miR-149, miR-210, miR-1280,
miR-29b and let-7f. Other down-regulated miRNAs, reported by two studies, were
miR-205, miR-125b, miR-99a, miR-100, miR-195, miR-10b, miR-320c, miR-130a, miR575, let-7d, miR-486-5p, miR-140-3p, and miR-335. Several of these miRNAs were also
deregulated in our dataset (See Table 12, highlighted (colored) miRNAs), including
some of the top 10 deregulated in miRNAs in BRCA1/2-associated breast carcinomas, as
well as other miRNAs. Further explanations on the similarities and differences between
miRNAs deregulated in sporadic and BRCA1/2-associated breast carcinomas will be
made below.
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2013

2005

2014

2014

2012

2008

Chen

Iorio

Ouyang

Tahiri

Tanic

Yan

RNA

PLoS One

Carcinogenesis

PLoS One

Cancer Res

PLoS One

Journal

China

Spain

Norway

China

Italy, USA

USA

Country

8 paired sporadic
BC normal adjacent
tissue

22 familial BC;
14 NBT*

29 sporadic BC;
29 NBT

3 triple-negative
BC; 3 adjacent NBT

76 sporadic BC;
34 NBT

8 paired sporadic
BC and preinvasive/normal
adjacent tissue;
16 unpaired
sporadic BC

N of samples

CapitalBio

miRCURY LNA
microRNA Array Kit
(Exiqon)

Human miRNA
Microarray V3
(Agilent)

miRCURY LNA
Array 16.0

miRNA microarray
V1.0 (KCI)

Human miRNA
Microarray V3
(Agilent)

Platform

435

1276

866

1513

161

866

Total #
miRNAs
on array

29

41

19

16

FDR < 0.05

p <= 0.05

FDR < 0.001

FDR < 0.05

FDR = 0;
FC > 2.0

NA

E-MTAB-779

GSE32922

NA

NA

63

25

p <= 0.05
(paired
analysis);
FDR <= 0.01
(unpaired
analysis)

NA

# differentially
expressed
miRNAs

Cut-off criteria

GEO
accession
number

miRNA analysis

9

17

31

18

17

15

# upregulated
miRNAs

7

2

32

23

12

10

# downregulated
miRNAs

BC = breast cancer; NBT = normal breast tissue; NA = not available; FDR = false discovery rate. * 22 hereditary tumors (3 BRCA1, 5 BRCA2, 14 BRCAX) and 14 normal breast tissues
(3 BRCA1, 5 BRCA2, and 1 BRCAX from prophylactic surgery; 5 from breast reductions).

Year

Author

Table 11. Overview breast cancer miRNA expression profiling studies in literature

miRNA expression in BRCA1/2-related normal breast tissues and breast carcinomas

6

153

PART 1 | CHAPTER 6

Table 12. Results miRNA expression data comparison from breast cancer miRNA expression profiling studies
already available in literature
miRNA

Number of studies
that consistently
reported miRNA

Studies by author

Total
number of
samples

Average FC

5

Chen, Iorio, Tahiri,
Tanic, Yan

236

5.27

Range FC

Up-regulated miRNAs
hsa-miR-21

1.55-14.69

hsa-miR-155

3

Iorio, Tahiri, Yan

176

2.22

1.28-2.29

hsa-miR-210

2

Iorio, Tahiri

168

2.23

1.43-3.03
1.08-2.8

hsa-miR-149

2

Iorio, Tahiri

168

1.94

hsa-miR-183

2

Chen, Tahiri

82

6.50*

NA

hsa-miR-200b

2

Chen, Tahiri

82

4.18*

NA

hsa-miR-141

2

Chen, Tahiri

82

3.04*

NA

hsa-miR-425

2

Chen, Tahiri

82

2.31*

NA

hsa-miR-106b

2

Chen, Tahiri

82

2.07*

NA

hsa-miR-20a

2

Chen, Tahiri

82

1.68*

NA
1.88-2.13

hsa-miR-98

2

Tahiri, Yan

66

2.01

hsa-miR-181b

2

Tahiri, Yan

66

1.43*

NA

hsa-miR-1280

2

Ouyang, Tahiri

64

1.74*

NA

hsa-let-7f

2

Chen, Yan

32

2.39*

NA

hsa-miR-29b-3p

2

Chen, Yan

32

2.27*

NA

Down-regulated miRNAs
hsa-miR-145

3

Iorio, Tahiri, Tanic

204

3.31

2.38-4.24

hsa-miR-143

3

Iorio, Tahiri, Tanic

204

1.48

1.10-1.85

hsa-let-7d

2

Iorio, Tahiri

168

1.53

1.12-1.94

hsa-miR-99a

2

Tahiri, Tanic

94

3.57*

NA

hsa-miR-125b

2

Tahiri, Tanic

94

3.42*

NA

hsa-miR-10b

2

Tahiri, Tanic

94

2.57*

NA

hsa-miR-100

2

Tahiri, Tanic

94

2.54*

NA

hsa-miR-205

2

Tahiri, Tanic

94

2.48*

NA

hsa-miR-195

2

Tahiri, Tanic

94

2.37*

NA

hsa-miR-130a

2

Tahiri, Tanic

94

2.01*

NA

hsa-miR-320c

2

Tahiri, Tanic

94

1.93*

NA

hsa-miR-575

2

Chen, Tahiri

82

2.26*

NA

hsa-miR-486-5p

2

Ouyang, Tahiri

64

4.86*

NA

hsa-miR-140-3p

2

Ouyang, Tahiri

64

3.15*

NA

hsa-miR-335

2

Tanic, Yan

44

2.43

1.40-3.45

*FC based upon a single value. NA = not applicable.
Marked in blue: miRNA also found differentially expressed in the same direction in BRCA1-C vs. BRCA1-N
comparison in our analysis.
Marked in yellow: miRNA also found differentially expressed in the same direction in BRCA1-C vs. BRCA1-N and
BRCA2-C vs. BRCA2-N comparisons in our analysis.
Marked in red: miRNA also found differentially expressed in the same direction in BRCA2-C vs. BRCA2-N
comparison in our analysis.
Marked in green: miRNA also found differentially expressed in the opposite direction in BRCA1-C vs. BRCA1-N
and BRCA2-C vs. BRCA2-N comparisons in our analysis.
Marked in purple: miRNA also found differentially expressed in the opposite direction in BRCA2-C vs. BRCA2-N
comparison in our analysis.
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DISCUSSION
In the present study, miRNA expression profiles were investigated by miRNA microarray
between normal and cancer tissue from BRCA1 and BRCA2 germline mutation carriers,
in comparison with normal tissue from non-carriers. This yielded several biologically
interesting findings.
First, many more miRNAs were found to be differentially expressed between the
carcinomas and asymptomatic normal breast tissue in BRCA1 and BRCA2 germline
mutation carriers compared to the number of differentially expressed miRNAs between
sporadic breast carcinomas and normal breast tissue as derived from the literature. This
may be due to the extensive chromosomal instability seen in BRCA1/2-associated breast
carcinomas, leading to loss of chromosomal regions and consequently, miRNA genes.
miRNAs deregulated in the BRCA1 and BRCA2 axes showed a similar chromosomal
distribution, and several hotspots of down-regulated miRNAs were found in both axes.
Indeed, about 21% of deregulated miRNAs matched reported locations of chromosomal
instability in BRCA1/2-associated breast carcinomas and fragile sites in the genome
[28]. The amount of miRNAs found at fragile sites in the genome was however lower
than the >50% reported previously [29]. This could be explained by the fact that the
chromosomal location of a considerable number of miRNAs from our analysis is still
unclear. We found no clear indications whether miRNA deregulation in BRCA1/2associated breast carcinomas could be due to direct effects of impaired BRCA1/2
function. For instance, pathway analysis did not yield specifically enriched pathways
for the BRCA1 and BRCA2 axes. However, the BRCA2-C vs. BRCA2-N comparison
yielded many more deregulated miRNAs compared to the BRCA1-C vs. BRCA1-N
comparison. It was recently discovered that BRCA1 accelerates miRNA processing via
interaction with Drosha [34]. Impaired BRCA1 function could therefore lead to less
miRNA production.
We found several deregulated miRNAs in BRCA1/2-associated breast carcinomas that
were also reported in studies investigating sporadic breast tumors, similar to the study
by Tanic et al. (2012) [32]. This suggests the existence of miRNAs which are important in
regulating oncogenes and tumor suppressor genes in both the hereditary and sporadic
settings [32]. These miRNAs have been shown to play a role in cell proliferation and
invasion, acting on HER signaling (miR-143, miR-145, miR-205) [35,36], cell cycle
regulation (miR-195) [37], epithelial to mesenchymal transition (miR-145, miR-205)
[38,39], and tumor angiogenesis (miR-145) [40]. Interestingly, several miRNAs that
were up-regulated in sporadic breast carcinomas were also up-regulated in BRCA1-
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associated breast carcinomas from our analysis compared to normal breast tissues from
BRCA1 germline mutation carriers. BRCA2-associated breast carcinomas did not show
any similarities in up-regulated miRNAs with sporadic breast carcinomas, which is
remarkable since BRCA2-associated carcinomas otherwise strongly resemble sporadic
carcinomas. Mechanisms underlying these differences are currently unclear.
However, we also found many differentially expressed miRNAs between BRCA1/2associated and sporadic carcinomas. This was mainly the case for up-regulated miRNAs,
including miR-141 and miR-1280 (up-regulated in sporadic breast carcinomas and
not deregulated in BRCA1/2-associated breast carcinomas); miR-1307-3p, miR-31623p, miR-155-5p, miR-4306, miR-185-5p, miR-574-5p, and miR-4455 (up-regulated in
BRCA1-associated breast carcinomas compared to their normal counterparts, and not
consequently deregulated in sporadic breast carcinomas); miR-4778-5p, miR-4433,
miR-5010-5p, miR-1287, miR-663b, and miR-4688 (up-regulated in BRCA2-associated
breast carcinomas compared to their normal counterparts, and not consequently
deregulated in sporadic breast carcinomas); miR-3676-5p and miR-937-5p (upregulated in BRCA1/2-associated breast carcinomas and not deregulated in sporadic
breast carcinomas); and miR-320c and miR-486-5p (down-regulated in sporadic
breast carcinomas and not deregulated in BRCA1/2-associated breast carcinomas). The
function of most of these miRNAs in breast cancer is still unclear. However, miR-155
deregulation has been associated with drug resistance in breast cancer by repression
of FOXO3a, stimulation of epithelial-to-mesenchymal transition and MAPK signaling
[41]. Elevated miR-155 expression levels have been found in HER2-positive breast
carcinomas [42]. Moreover, several miRNAs were deregulated in the opposite direction
between BRCA1/2-associated breast carcinomas and sporadic breast carcinomas.
These mostly entailed up-regulated miRNAs in sporadic breast carcinomas and downregulated in BRCA2-associated breast carcinomas (miR-20a-5p, let-7f-5p, and miR-29b3p). miR-20a-5p has been associated with triple-negative tumors that showed enhanced
expression compared to luminal A tumors [43]. miR-29b has been negatively associated
with HER2 expression [44]. The function of let-7f is still unclear. Apart from potential
underlying biological mechanisms, differences found in miRNA expression between
BRCA1/2-associated and sporadic breast carcinomas are also to some extent likely to be
due to technical differences (see below).
Second, several miRNAs were found to be already deregulated in the normal breast
tissue from BRCA1 germline mutation carriers. Of these, miR-140-3p, miR-335, miR320c and miR-486-5p have been previously described as deregulated in sporadic breast
cancer. Recently, it has been reported that most miRNA deregulation occurs at a very
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early stage in sporadic breast carcinogenesis, during the transition from normal breast
tissue to atypical ductal hyperplasia [27]. In case of an underlying BRCA1 or BRCA2
germline mutation, impaired DNA repair could already lead to aberrant miRNA
expression in epithelial cells before these alterations lead to morphological changes.
Additionally, miRNA deregulation at this stage could also be explained as the result of
stromal changes. Deregulation of the microenvironment and intercellular interactions
have an important role in breast neoplastic transformation [28]. It has been shown
that the asymptomatic breast of BRCA1 and BRCA2 germline mutation carriers shows
epithelial and stromal changes, including less differentiated lobules and a more dense
and fibrotic intra-lobular stroma [28]. No miRNAs were deregulated in the normal
breast tissue from BRCA2 germline mutation carriers compared to non-carriers. This
could mean that miRNA deregulation along the BRCA2 axis occurs at a later stage
compared to the BRCA1 axis. However, the BRCA2-C vs. Healthy-N comparison yielded
600 differentially expressed miRNAs and the BRCA2-C vs. BRCA2-N comparison ‘only’
96 miRNAs. An explanation for the uneven distribution of differentially expressed
miRNAs along the BRCA2 axis could be that subtle changes in miRNA deregulation
could not be identified due to a small sample size.
Third, no significant correlations were found between miRNA expression profiles on the
one hand and biological differences (such as age and ER status) on the other hand. This
is in contrast with previously reported findings based on sporadic carcinomas [22,24].
The miRNA changes caused by impaired BRCA1 or BRCA2 function might overrule the
effect of these parameters on miRNA expression. However, we did not apply matching
for sample selection and the sample size was relatively small. Therefore, a relation
between age and ER status may have been missed.
Fourth, pathway analysis yielded several less expected processes in which deregulated
miRNAs are predicted to be involved, such as epithelial junctions and ECM interaction,
cellular movement, and protein trafficking. Dacheux et al. [45] recently discovered
cellular movement and protein trafficking as possible new functions of BRCA1 as well.
Weber et al. [28] showed extensive genomic instability in the cancer stroma in BRCA1/2associated breast carcinomas. A genetically unstable stroma might facilitate neoplastic
transformation in the breast epithelium. Moreover, it has recently been published
that stromal components also show miRNA deregulation and are affected by miRNAs
secreted from tumor cells [46–49]. However, the role of these less expected processes in
BRCA1/2-associated breast carcinogenesis needs to be further examined.
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Two miRNAs had a similar differential expression pattern in microarray and qRTPCR analysis: miR-99a and let-7b. miR-99a was down-regulated in breast carcinomas
compared to normal breast tissues in both BRCA1 and BRCA2 germline mutation
carriers. miR-99a deregulation has been reported in several human cancers, including
breast cancer, and is involved in apoptosis and epithelial-to-mesenchymal transition
by regulation of the mTOR, Akt and TGF-β pathway [50–55]. TGF-β pathway activity
is decreased by loss of miR-99a, resulting in increased proliferation and decreased
migration [51]. Let-7b was found to be specifically down-regulated in invasive breast
carcinomas of BRCA2 germline mutation carriers. Our target gene analysis showed
that let-7b is involved in cellular pathways, including those of p38 MAPK, p53, Wnt/βcatenin, apoptosis, tight junction, integrin and actin cytoskeleton.
A few studies have shown let-7b down-regulation in human cancers, including breast,
gastric and lung cancer [56–59]. In breast cancer, low let-7b expression has been
associated with poor prognosis [57], whereas high let-7b expression has been observed
in luminal A tumors and is associated with a favorable prognosis [56]. Further research
is needed to investigate whether let-7b might be able to distinguish BRCA2-associated
from sporadic breast carcinomas. This would be very interesting as BRCA2-associated
and sporadic breast carcinomas show many similarities in histology and protein
expression.
There are some limitations inherent to the techniques used in this study. Whole tissue
and not laser-captured micro-dissected tissue samples have been used for miRNA
profiling. This could have influenced the results, as miRNA profiling on whole tissue
samples reflect changes in both epithelial and stromal cells [60]. However, we used
maximally enriched samples by scraping off specific relevant regions from sections
marked by a pathologist, so we do not believe that this has played a major role. Further,
microarray technology does not show a distinct boundary between up-regulated and
down-regulated miRNAs, but rather shows a broad distribution of miRNA levels.
Until now, it is unclear which level is biologically functional for each miRNA. Lastly,
the complex nature of microarray data makes the analysis highly dependent on bioinformatics and statistics [24]. This could, together with other factors such as the use
of different microarray platforms, explain the little overlap between the findings of
different miRNA profiling studies as shown in the systematic literature analysis [24].
In conclusion, this study revealed multiple deregulated miRNAs in BRCA1/2-associated
breast carcinomas, some shared with sporadic breast carcinomas, but several possibly
specific to BRCA1/2 carcinogenesis. Specific deregulated miRNAs in BRCA1/2-
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associated carcinomas appear to target similar pathways. This suggests the existence
of common targetable miRNA regulated pathways driving BRCA1/2-associated breast
carcinogenesis. These findings warrant further studies on the role of these miRNAs in
BRCA1/2-associated breast carcinogenesis.

MATERIALS AND METHODS
Patient samples
For miRNA microarray analysis and initial qRT-PCR validation, a total of 46 FFPE
patient samples were obtained from the archives of the University Medical Center
Utrecht (UMCU), University Medical Center Groningen, the Familial Cancer Clinic of
the VU University Medical Center Amsterdam, and of local hospitals around Utrecht.
Since we used archival pathology material which does not interfere with patient care and
does not involve the physical involvement of the patient, no ethical approval is required
according to Dutch legislation: the Medical Research Involving Human Subjects Act
(Wet Medisch Wetenschappelijk Onderzoek met Mensen) [61]. Use of anonymous or
coded left-over material for scientific purposes is part of the standard treatment contract
with patients and therefore informed consent procedure was not required according to
our institutional medical ethical review board. This has also been described by van Diest
et al. [62]. The patient samples have already been described under results and are shown
in Tables 1a and 1b.
RNA isolation
Whole tissue sections (10 μm thick) were cut from the paraffin tissue blocks for RNA
isolation. Total RNA was extracted using the miRNeasy FFPE Kit (Qiagen, Venlo, the
Netherlands) according to the manufacturer’s protocol. For the tumor samples, the
tumor area in five sections was scraped off from the slides, guided by haematoxylin and
eosin stainings of the tissue samples. For the normal breast tissue samples, the whole
area of the 10 tissue sections was scraped off. RNA concentration and integrity were
determined using the 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA,
USA).
miRNA microarray analysis
miRNA microarray analysis was performed at the Sidney Kimmel Comprehensive
Cancer Center Microarray Core Facility at the Johns Hopkins University, Baltimore,
USA. The Human miRNA Microarray v19.0 (Agilent Technologies), containing 2006
human miRNAs from the miRBase database (release 19.0), was used. Sample preparation
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and hybridization were done according to manufacturer’s instructions (for details, see
Supplementary methods). Raw data were processed and analyzed using GeneSpring
GX v12.5 (Agilent Technologies). Median fluorescence intensity values smaller than a
threshold of 1 were set equal to 1. Probe level data were log2 transformed and normalized
to the 75th percentile based upon the distribution of signal intensities. miRNA probes
were included if 100 percent of the samples in any 1 out of the 5 classes had normalized
expression values within the 50th and 100th percentile in order to remove miRNAs
showing low expression and little variation between the samples. To correlate miRNA
expression with BRCA status or other clinicopathologic characteristics, the unpaired
t-test for unequal variance or ANOVA for unequal variance were used, depending on
the number of groups to compare. In order to correct for multiple comparisons, adjusted
p-values were obtained by using Benjamini and Hochberg’s FDR. Level of significance
was set at FDR < 0.05.
Chromosomal distribution analysis
The chromosomal distribution of differentially expressed miRNAs between classes was
analyzed using Fisher’s exact test, performed in SPSS v20 (IBM, Armonk, NY, USA). Only
miRNAs of which the localization in the genome was known were included in this analysis.
qRT-PCR
All patient samples were diluted to a total RNA concentration of 2 ng/μl. For reverse
transcription of specific miRNAs, the TaqMan microRNA Reverse Transcription kit
together with microRNA Assays was used according to the manufacturer’s protocol
(Applied Biosystems, Life Technologies, Carlsbad, CA, USA). The following thermal
cycler conditions were used for reverse transcription: 30 min at 16 ⁰C, 30 min at 42
⁰C, 5 min at 85 ⁰C, followed by 4 ⁰C. miRNA expression was investigated using the
TaqMan Universal PCR Master Mix II without UNG together with microRNA assays
(Applied Biosystems). The following thermal cycler conditions were used for qRT-PCR:
10 min at 95 ⁰C, followed by 40 cycles (15 s at 95 ⁰C, and 60 s at 60 ⁰C). The microRNA
Assays (Applied Biosystems) consisted of the following primer sets (5X primer for
reverse transcription, 20X primer for qRT-PCR): hsa-miR-99a-3p, hsa-miR-210,
hsa-miR-21-5p, hsa-miR-183-5p, hsa-miR-378a-5p, hsa-miR-153, hsa-miR-4778-5p,
hsa-miR-4443, hsa-let-7b-5p, hsa-miR-551b-3p. All samples were tested in duplicate.
Reverse transcription and qRT-PCR for samples of the initial cohort were done on the
IQ5 Multicolor Real-Time PCR Detection System and C1000 Touch thermal cycler with
CFX96 Real-Time system (both Bio-Rad, Hercules, CA, USA), respectively. For the
second cohort, the Veriti 96 Well Thermal Cycler (Applied Biosystems) and the ViiA™
7 Real Time PCR System (Life Technologies) were used for reverse transcription and
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qRT-PCR, respectively. The qRT-PCR data of the first cohort were normalized to the
second cohort by the use of replicates. Expression levels were calculated based on the
comparative threshold cycle (ΔΔ Ct) method and were normalized to miR-125a-5p. The
statistical analysis, i.e. the Kruskal-Wallis test to compare the median of the normalized
Ct values between the classes, was performed in SPSS v20 (IBM). Level of significance
was set at p ≤ 0.01, due to multiple comparisons.
Cluster analysis
Clustering was carried out on both samples and miRNAs using a Self-Organizing Map
in Cluster 3.0 (Eisen Lab, University of California, Berkeley) using all samples and all
miRNAs that passed the filtering criteria. Default settings were used: a grid of 6x6,
100.000 iterations, and an initial learning rate of 0.02 for clustering genes; a grid of
3x3, 20.000 iterations, and an initial learning rate of 0.02 for clustering samples. The
Self-Organizing Map was carried out using the Pearson centered distance algorithm
with complete linkage rule. For visualization of the dendrogram, Java Treeview (http://
jtreeview.sourceforge.net/) was used.
Target gene and pathway analysis
Target gene and pathway analysis were performed using the web-based computational
tool DIANA-mirPath v2.0 (http://www.microrna.gr/miRPathv2) and Ingenuity
Pathway Analysis (IPA) (Ingenuity Systems, http://www.ingenuity.com/products/ipa).
DIANA-mirPath was used to investigate the combinatorial effect of multiple miRNAs
on pathways. Differentially expressed miRNAs between invasive breast carcinomas
and normal breast tissues from prophylactic mastectomies for both BRCA1 and
BRCA2 germline mutation carriers with FC ≥ │2.0│and FDR < 0.05 (unpaired t-test
for unequal variance) were selected for this analysis. The Pathways Union mode was
used with micro-T-threshold of 0.8 and level of significance was set at p < 0.05 with
FDR correction applied. miRNAs selected for qRT-PCR validation were subjected
to IPA, which combines the results from several prediction tools, including TarBase,
miRecords, and TargetScan. Only experimentally validated and highly predicted targets
were considered. Level of significance of the Fisher’s exact test was set at p < 0.05.
Comparison with miRNA expression data available in literature
Breast cancer miRNA expression profiling studies were identified using the PubMed
database. The search syntax is shown in Table 13. Inclusion and exclusion criteria were
used to screen the articles and are mentioned in Figure 4. The following data were extracted
from the studies: author, year of publication, journal, location of study, selection and
characteristics of patient samples, miRNA microarray platform, cut-off criteria used for
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Table 13. Overview search strategy for breast cancer miRNA expression profiling studies
Database

Search syntax

PubMed

((((((((mirna[Title/Abstract]) OR mirnas[Title/Abstract]) OR microrna[Title/Abstract]) OR
micrornas[Title/Abstract]) OR mir[Title/Abstract]) OR mirs[Title/Abstract])) AND (breast[Title/
Abstract])) AND ((((((cancer[Title/Abstract]) OR cancers[Title/Abstract]) OR tumor[Title/
Abstract]) OR tumors[Title/Abstract]) OR tumour[Title/Abstract]) OR tumours[Title/Abstract])

Date:

Nov 23, 2014

statistical analysis, and lists of up- and down-regulated miRNAs including p-value and
fold change (if available). The differentially expressed miRNAs reported by the studies
were ranked according to the following protocol [63–65]: (1) number of studies that
reported the miRNA and with a consistent direction of expression change; (2) total
number of samples from studies in agreement upon which the differential expression of
the miRNA is based; (3) average fold change from studies in agreement. For the ranking,
an online bio-informatics tool for comparing lists (http://bioinfogp.cnb.csic.es/tools/
venny/) was used.

Figure 4. Flowchart showing the article selection strategy to attain breast miRNA expression profiling studies

SUPPLEMENTARY FILES
Supplementary files are available online.
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ABSTRACT
Advances in genome sequencing together with the introduction of personalized
medicine offer promising new avenues for research and precision treatment, particularly
in the field of oncology. At the same time, the convergence of genomics, bioinformatics
and the collection of human tissues and patient data creates novel moral duties for
researchers. After all, unprecedented amounts of potentially sensitive information are
being generated. Over time, traditional research ethics principles aimed at protecting
individual participants have become supplemented with social obligations related to
the interests of society and the research enterprise at large, illustrating that genomic
medicine is also a social endeavor. In this review, we provide a comprehensive assembly
of moral duties that have been attributed to genomics researchers and offer suggestions
for a responsible advancement of personalized genomic cancer care.
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GENOMICS’ PROGRESS CAUSING MORAL DILEMMAS FOR
RESEARCHERS
The development of genomic techniques has markedly increased our knowledge
on the genetic origins of diseases, especially cancer, and has led to the introduction
of personalized medicine [1–3]. At the same time, these developments create ethical
challenges for researchers performing these studies. The scope is changing from
single-gene sequencing studies to large-scale, whole exome or whole genome studies,
generating large amounts of genomic data. Questions arise on how to adequately deal
with these potentially sensitive data. The emergence of large (international) research
projects and biobanks with increased genomic data sharing, advances in information
technology, and increasingly blurred boundaries between clinical care and research
make the reflection on ethical and social implications of these developments even more
important [4–6]. During the past few years, multiple as well as conflicting publications
have appeared on the ethical aspects of large-scale DNA sequencing studies. In the era
of personalized medicine, genomics researchers are confronted with a wide variety of
moral duties. In this review, we provide a comprehensive assembly of moral duties that
have been attributed to genomics researchers in the literature and offer suggestions for
a responsible advancement of personalized genomics.

DISTINGUISHING DIFFERENT TYPES OF MORAL DUTIES
Moral duties of genomics researchers can be grouped into four clusters: 1) Disclosure
duties; 2) Consent duties; 3) Privacy duties; and 4) Social duties. Details of the review
process, through which these clusters were identified, can be found in Box 1.

DISCLOSURE DUTIES
Genomics studies generate large amounts of genetic information, ranging from clinically
significant genetic aberrations to variants of unknown or uncertain significance [6].
This may generate a moral obligation for researchers to disclose some of these results to
participants when they are relevant for their health or that of their relatives [7]. Duties
involved with individual disclosure were classified as Disclosure duties. This cluster of
duties is most frequently discussed in literature and includes the duty to return results
to research participants and their relatives, the duty to rescue, the duty to hunt, the duty
to re-contact, and the duty to provide ancillary care.
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The duty to return results to research participants
The debate in literature is mostly focused on the disclosure of individual unsolicited
genetic results to research participants (also known as incidental or secondary findings).
Return of aggregate research results seems consensual [6,8]. The two extreme positions
of ‘no disclosure at all’ and ‘full disclosure’ of all individual genetic results are rarely
advocated [6]. There is growing consensus that there is an obligation to return individual
genetic results that are analytically and clinically valid, of clinical utility, and actionable,
provided that the participant has consented to disclosure [9–17]. This position is based
upon principles of beneficence, respect for autonomy, and reciprocity toward research
participants, as reviewed previously [6]. There is however still definitional uncertainty
and variable interpretation of above-mentioned terms. Genetic research findings
are often uncertain, probabilistic and pleiotropic in nature [6,15,17–20]. Therefore,
a qualified rather than a full-disclosure policy is often advocated as disclosure of all
genetic information causes information overload, hampers decision-making and it could
have potential adverse psychological, social and financial consequences for research
participants [6,15,17–20]. Moreover, disclosure imposes a burden on the research
enterprise. Disclosure can be time-consuming and costly, and research laboratories
often lack the resources and infrastructure for adequate disclosure [6,7,10,18,20–25].
However, disclosure of unsolicited findings, even if a burdensome undertaking, may not
only be beneficial to research participants but to science as well [11,15,17,20,26–28].
Firstly, when participants are contacted about individual research results, more data
could be gathered (e.g. phenotypic data, family history), which can be used to interpret
unclear variants [20]. Secondly, disclosure of unsolicited findings could also encourage
participation in research and engage participants in science [11,15,27,28].
To conclude, there is growing consensus that unsolicited findings in genetic research
should at least to some extent be disclosed to research participants applying a qualified
disclosure policy, although there is still discussion on the interpretation of proposed
criteria [29–32]. A balance must be sought between meeting participants’ benefits and
interests in obtaining genetic results, while not unjustifiably hindering the research
enterprise and society’s long-term interest in advancing knowledge [11,33].
The duty to return results to relatives
Individual genetic results should in the first place be returned to research participants
themselves [34,35]. However, there is growing consensus that certain unsolicited findings
should also be offered to relatives as they may have implications for them as well. Many
authors agree that highly pathogenic and actionable variants should be disclosed to
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relatives when the chances are high that they are at risk and when disclosure might
prevent them from harm [34–39]. According to some, this duty may even override
the privacy concerns of the research participant, when research participants refuse to
disclose information to their relatives themselves or have demanded full non-disclosure
[40,41]. Otherwise, obligations to notify relatives should be with the participant just
as in the clinical situation, or else it would create a tremendous burden on researchers
[35,37]. Obviously, a duty to disclose research results to relatives may cause a moral
conflict and a balance must be found between focusing on research’s central goal of
producing generalizable knowledge, protecting participants’ privacy, and the duty to
warn participants’ relatives for potential harm [35].
The duty to rescue
The obligation to return genetic results with clear health implications has been justified
by some authors by a rescue paradigm [42–44]. The following criteria for the duty to
rescue research participants by providing them genetic results have been proposed:
1) there is a high probability that the rescuer (i.e. researcher) will be able to avoid
significant harm; 2) there is little risk of harm to the rescuer; and 3) the benefits outweigh
the potential risks [42,44]. Criticism on this duty is not directed at the disclosure of
clinically significant research findings. However, the rescue obligation framework is
said to be inappropriate for the genomics research practice considering the nature of
rescue cases, which are concrete rather than probabilistic and to a considerable extent
predictable rather than unforeseeable [44]. Also the mode of dealing with clinically
significant unsolicited findings should be proactive rather than reactive [44].
The duty to hunt
As stated above, there is a growing consensus to disclose clinically significant unsolicited
findings. Some authors have proposed that researchers have a duty to actively search
or hunt for these findings [30,45–47]. The following criteria, showing overlap with
the above mentioned criteria for the duty to rescue, have been proposed that must be
present for a duty to hunt: 1) high benefit for participants; 2) high need, e.g. lack of
alternative resources; and 3) low burden for researchers [46,48]. Pro- and opponents
of a duty to hunt vary in their opinions whether these criteria should or could be met
[17,19,21,30,42,45–52]. Proponents argue that researchers currently have unique access
to extensive genomic results, as there are few clinical alternatives. This carries along a
duty to actively search for unsolicited findings [30,46,47]. Moreover, researchers using
high-throughput sequencing methods should already for the purpose of their research
itself investigate all identified variants as a standard component of their experimental
setup [45,53]. Opponents focus on the differences in obligations between researchers
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and clinicians. Researchers should not be obliged to actively search for genomic
results that are unrelated to their research aims and beyond results yielded in their
standard analysis process [21,54]. Moreover, a duty to hunt would create researchers’
responsibilities and burdens that are larger than those of clinicians and increase the risk
for therapeutic misconception [18,19]. Some opponents of a duty to hunt are in favor of
the duty to rescue, as the latter may more appropriately balance researchers’ obligations
toward research participants [42–44].
The duty to re-contact
Re-contact with research participants could have several purposes, including a request
for further research participation, to obtain further health information, and to return
individual research results (e.g. after additional analyses or with new insights on the
pathogenicity) [10]. The debate in literature is limited to the latter purpose of recontact. Several criteria have been proposed that determine a researchers’ obligation to
re-contact: 1) whether the results were initially reported to research participants; 2) the
level of potential benefit and risk of harm of the new genetic information; 3) the length
of time since the start of the study; 4) the burden of re-contacting participants [55,56].
Objections to re-contacting for returning genetic results relate to practical aspects, such
as the burden on researchers [10,57] and the increase in costs of genomics research [9].
There is currently no consensus to what extent and for which duration a duty to recontact should exist.
The duty to provide ancillary care
The duty to provide ancillary care is one of the most recently attributed duties and
relates to the theory of partial entrustment: researchers have special responsibilities
toward research participants, as participants entrust important and private aspects of
their health to them [13,23,31,32,43,56,58–60]. Therefore, when results are disclosed,
proponents argue, all researchers, not only clinician-researchers, should provide
adequate follow-up care, such as medical advice and referral [32]. This duty is also
ascribed to secondary researchers who have had no direct contact with research
participants [43,58]. Opponents argue that this duty is over-demanding as a researcher’s
aim is not to promote the health of research participants themselves [43].
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CONSENT DUTIES
Several studies have discussed the typology of consent appropriate for the genomics
research context [3,10,17,19,20,22,25,26,28,32,35–37,45,49,50,61–73]. The suitability
of traditional informed consent given to a specific research project is challenged in
genomics research due to its complexity and the risk of information overload and
limited ability of participants to sufficiently understand the information given [17,68].
Questions have been raised on whether consent in genomics research can truly be
‘informed’ [26]. Therefore, the duty to obtain appropriate consent emerged as a topic of
debate in literature.
The duty to obtain appropriate consent
Several consent alternatives have been proposed as being more suitable for genomics
research. These include (the not mutually exclusive types of) broad consent
[10,17,20,26,63,67,72,73], dynamic consent [69,74], tiered consent [11,20,37,50], and
opt-out [11]. Broad consent has become an accepted consent model for genomics
research and entails that participants give permission for a broad range of approved, but
unspecified future research use with their stored samples as it is difficult to anticipate on
all types of benefits and risks, considering the increasing knowledge and technological
advances [10,71]. It can be combined with dynamic consent for future research
applications and tiered consent for disclosure. Although broad consent is beneficial
and convenient for the advancement of science as no repeated re-consent is necessary,
opponents argue that broad consent cannot be regarded as adequately ‘informed’ and
that it nullifies the concept of autonomy [17].

PRIVACY DUTIES
In genomics studies the enormous amounts of personal data generated increases the
risk of individual identifiability [7,16,17,71]. Genetic data could be interesting for many
third parties, such as family members, insurance companies, employers, and law courts,
and may thereby lead to problems with insurance coverage, employment, stigmatization
and discrimination [36]. Thus, the duty to protect participants’ privacy emerged in
genomics research literature [7,9,10,16,17,29,35,36,40,57,62,63,66,68,70,73,75–83].
The duty to protect participants’ privacy
The duty to protect participant’s privacy is important to protect the private sphere of
research participants as well as to maintain public trust in the research enterprise [84].
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It has been stated that the obligation to protect privacy is higher for a researcher than
for a clinician, as research has no primary aim to provide benefit to patients, but it can
certainly lead to harm [83]. Once genomic data is released into the public domain, there
is essentially no way back [7]. Risk of re-identification and potential misuse of data
should therefore be minimized [84]. Most genomic data are de-identified or anonymized,
and saved and shared through controlled access databases [63]. Although the sharing
of anonymized data seems favorable considering confidentiality, it is argued that no
method of de-identification is perfect and the risk of identification may be greater than
expected as it has been shown possible to identify individuals by linking genomic data
to public information [63]. Moreover, it is not always conducive for the advancement
of science, as the data’s value comes most to its own if (unclear) genetic variants can be
coupled to disease course, lifestyle, and social information, for which regularly updated
personal information may be necessary [10,73]. Additionally, anonymization makes
it difficult to re-contact participants to return relevant genetic results [29]. Currently,
there is still disagreement on to what extent privacy risks actually form an imminent
threat in genomics research [16,84]. Privacy measurements should be proportionate
to the associated risks and some have argued that privacy risks are overstated as the
examples of actual tangible harm are very limited [84]. To conclude, no consensus exists
on whether and to what degree data should be anonymized. A balance needs to be found
between providing adequate protection of participants’ privacy and responsible use and
storage of sensitive information for the advancement of science [81,82,85].

SOCIAL DUTIES
Social duties deal with the relationship between researchers on the one hand and the
genomics research enterprise at large as well as society on the other hand. Social duties,
like the (partially overlapping) duty to share research data and/or samples, the duty to
take social responsibility and the duty to engage the community, are among the most
recently emerged duties.
The duty to share research data and/or samples
The duty to share data and/or samples has been put forward as it would be beneficial to
the advancement of genomic science (see: The duty to protect participants’ privacy) and
thereby also to the primary duty of researchers to create generalizable knowledge [10].
Sharing will enable international data use and thereby optimal utilization from public
resources [7,45]. Apart from the benefit to science, data sharing is also beneficial to the
public good as it may benefit future patients and it may pick up low-frequency genomic

178

Moral duties of genomics researchers: why personalized medicine requires a collective approach

events in specific populations [10,86]. Data sharing is increasingly being promoted and
facilitated in research practice [71,87]. Open-access publications are being encouraged
and several grant providers, such as the National Institutes of Health (NIH), oblige
supported studies to post their data in open repositories [71]. Consent forms vary in
their data sharing and privacy policies, although a trend towards data sharing can be
seen [10]. However, data sharing does not seem to be the default yet, due to factors such
as a competitive research environment [85,87]. Moreover, the benefits of sharing data
and/or samples should be balanced with the potential privacy risks related to it.
The duty to take social responsibility
The duty to take social responsibility is put forward as a warning that injustice may occur,
if genomics research studies are not performed in a wide range of populations as the
research results may not be applicable to underrepresented populations [16,19,71,86].
According to some, it must be ensured that health benefits of genomics research are
equally accessible to all people and researchers should be more aware about this matter.
While there is a general consensus that distributive justice is a relevant consideration in
genomics, the extent of obligations to promote distributive justice, such as in the form
of a duty to take social responsibility remains controversial.
The duty to engage the community
The duty to engage the community is put forward by some, stating that it is important
to engage participants in science, to increase their knowledge about genomics (genetic
literacy) and the research enterprise [19,21,88]. This could have positive consequences
for researcher-participant relationships by increasing trust and mutual understanding.
This duty is however not yet widely discussed and supported.

EVOLVING TRENDS IN GENOMICS RESEARCHERS’ MORAL
DUTIES
Based on the literature, we provided a comprehensive assembly of moral duties that
have been attributed to genomics researchers. It concerns a wide range of moral duties,
showing that they should not only have technical-scientific skills but also adhere to
professional moral duties. The duties can be clustered into Disclosure duties, Consent
duties, Privacy duties, and Social duties, reflecting the current and most urgent ethical
challenges and responsibilities in genomics research. In the course of time more duties
have been attributed to genomics researchers. Duties have become more specific,
detailed, and go beyond the relationship between the primary researcher and the
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individual research participant [26]. For example, Disclosure duties have come up that
apply or relate to secondary researchers, the research enterprise in general, participants’
relatives, and society at large [12,16,19,21,29,34,36,41,49,50,54,71,73,86,88]. On the
contrary, ideas concerning consent tend to become more generalized with new concepts,
such as broad consent [10,17,20,26,63,67,72,73].
The principles and duties derived from literature are not unique for genomics research,
as comparable duties apply to single-gene and imaging research as well [7]. However,
they seem particularly pressing in the genomics context due to the unleveled amounts
of data being generated, the probabilistic character of genetic information, the frequent
uncertain significance of the results, the potential implications for relatives and the
difficulty to guarantee privacy [7,9]. There is much at stake for research participants as
well as researchers, considering for example participants’ privacy and disclosure burdens
for researchers. However, the contradictions between participants’ and researchers’
interests seem enlarged in literature. Most arguments in favor of moral duties are
reasoned from the participants’ perspective, based upon principles as beneficence,
autonomy, and privacy. On the contrary, arguments against moral duties are mostly
written from the researchers’ perspective, stating that they may create an immense
burden on the research enterprise and go beyond the primary purpose of research to
generate generalizable knowledge.
Traditional research ethics principles focus on protecting individual participants and
are reflected in consent and privacy protection duties. Gradually, these principles
have become supplemented with social obligations such as data and sample sharing
and community engagement duties, which are focused on the interests of society and
the research enterprise at large [16,19,21,86,88]. These novel duties go partly together
with the traditional duties, but they can also be in tension, for example the duty to
share data and the duty to protect privacy. Also, there are potential conflicts between
the duty to protect privacy and the duty to return results for which the participants
should be (easily) identifiable. These conflicts all relate to the key ethical issue of how to
balance the researchers’ dual responsibilities to produce generalizable knowledge that
is eventually also beneficial to society on the one hand, and to respect autonomy, and
guarantee protection of research participants on the other hand [30,66,86]. Research
participants and researchers as well as other stakeholders (e.g. participants’ relatives,
grant suppliers, and the public at large) have many conflicting interests, but they do
also share duties and more than ever rely on each other to make sense of the enormous
amounts of data generated, that may be beneficial for research participants, patients and
society at large now and in the future.
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THE TRANSLATIONAL GAP BETWEEN ETHICAL
SCHOLARSHIP AND GENOMICS RESEARCH PRACTICE
Despite a vast amount of literature discussing and proposing moral duties for genomics
researchers, their implementation in research practice is lagging behind. When looking
at empirical studies investigating the opinions of researchers, they show a willingness
to return certain research results and provide ancillary care [56,60]. In reality, however,
practice has not matched the good will so far [18,89]. The apparent blockade between
ethical debate and implementation in genomics research practice can partly be explained
by the context- and time-dependence of many moral duties, no fixed hierarchy of duties,
the need to weigh partially conflicting moral duties against each other, and variable
interpretation of principles and criteria. How then could concrete decisions in particular
circumstances be derived from these duties?

CONCLUDING REMARKS
The ultimate aim in bioethics is to reach moral justification, i.e. to establish one’s case by
providing sufficient and coherent reasons for it (Box 2) [90]. This requires, according to
current ethical scholarship, an argumentative process of seeking equilibrium between
a wide range of input, including generally accepted ethical principles and background
theories as well as empirical facts, local contextual factors, and moral intuitions [91,92].
Several (conflicting) moral duties require balancing and specification in particular local
contexts, and need continuous refinement [93].
We believe that ethical awareness of researchers is key to pick up the ethical debate and
bridge the translational gap. Researchers are usually the first who are confronted with
these moral issues and the identification and balancing of several, potentially conflicting
moral duties is becoming an important aspect of a genomics researcher’s profession.
These skills are different from the traditional technical-scientific skills and need to be
developed during education in all phases of (genomics) researchers’ careers, starting
during their university training.
Moreover, we believe that a social approach could complement the traditional research
ethics principles to give better guidance for the moral issues at stake. Although traditional
research ethics principles should not be discarded, genomics research should take place
in full view of the public, having openness, veracity, and sharing of data and knowledge
as important principles [9]. Other key principles should be solidarity and reciprocity,
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referring to the sense of mutual dependence and the responsibility toward the health
of others [66,79,94]. More awareness is needed on the idea that all who participate in
or may benefit from genomics research have a shared responsibility to contribute to
its ethically and socially responsible advancement [9,66,79,85,94–96]. Here we have
focused on researchers’ duties, but research participants for example also carry a certain
responsibility to contribute to research from a solidarity principle, as they may benefit
from healthcare developments made possible by human subject research in the past.
Genomic science cannot progress without the participation of a sufficient number of
research participants [6,11,88,94]. To be able to acquire sufficient numbers of research
participants from whom more is asked, the research community should meet certain
public needs (e.g. disclosure of research results, sharing data) and maintain public trust
[6]. For this, researchers should become more active in the social debate. In short, the
social approach asks more from researchers as well as research participants and the
public in general [95].
To conclude, genomics research is besides a scientific also a social endeavor, requiring as
well as thriving on many collaborations within and across societies. In other words, for
the advancement of personalized medicine, a collective approach is required.
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BOX 1. METHODS
A literature search was performed in PubMed and Embase databases, using a search
string that combined synonyms for moral duties with synonyms for high-throughput
sequencing methods (Table I). The search yielded 7.564 articles. Title and abstract of
these papers were screened on inclusion and exclusion criteria, followed by full text
screening using selection criteria (Fig I). Guidelines from several Genetics, Oncology,
and Biomedical Ethics associations were also screened using the same criteria. In total,
149 articles were identified. We here refer to papers published from 2012 onwards, but
we also included older key papers since the emergence of next-generation sequencing
(85 articles in total). From these articles, moral duties, including arguments given in
favor or against these duties, were collected and described (see the enumeration of
moral duties). Identified moral duties were organized into clusters The discussion and
conclusion that follow are based upon our analysis and interpretation of the literature,
in which we aimed to point out general developments in attribution of moral duties to
genomics researchers and to analyze why the implementation of these duties in research
practice is difficult and what could be done to improve this. Our literature study is
a modified version of the Systematic Review of Reasons approach, which is a model
for systematic reviews that aims to systematically identify the reasons and arguments
that have been given in literature in favor and against a normative position, claim or
phenomenon [97,98].

Table I. Search syntaxes
Database

Search

PubMed

(((((((((((ethic*[Title/Abstract]) OR moral*[Title/Abstract]) OR duty[Title/Abstract]) OR
duties[Title/Abstract]) OR obligation[Title/Abstract]) OR obligations[Title/Abstract])
OR responsibility[Title/Abstract]) OR responsibilities[Title/Abstract]) OR biomedical
ethics[MeSH Terms]) OR moral obligations[MeSH Terms])) AND ((((((((((genomic[Title/
Abstract]) OR genomics[Title/Abstract]) OR genome[Title/Abstract]) OR genetic[Title/
Abstract]) OR genetics[Title/Abstract]) OR DNA[Title/Abstract]) OR exome[Title/Abstract])
OR sequencing[Title/Abstract]) OR genomics[MeSH Terms]) OR high throughput nucleotide
sequencing[MeSH Terms])

EMBASE

See PubMed

Search performed on 24 January 2016
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Figure I. Flow diagram of the selection and inclusion of articles

BOX 2. TRANSLATIONAL ETHICS: FROM ETHICAL THEORY
TO IMPLEMENTATION OF MORAL DUTIES IN MEDICAL
RESEARCH PRACTICE
How should moral duties be interpreted? What to do with conflicting moral duties, is
there a hierarchy? How could concrete decisions in particular circumstances be derived
from these duties? In this Box we provide a short illustration of how to make the
transition from ethical theory to implementation of moral duties in medical research
practice.
The ultimate aim in bioethics is to reach moral justification, i.e. to establish one’s case
by providing sufficient and coherent reasons for it, and is therefore related to ethical
methodology [90]. Overall, it is difficult to obtain a well-developed and clear framework
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or specified ethical guideline for morally right actions as the particulars of a specific
case may give general concepts or considerations a special relevance [93]. Instead, one
has to deal with a rather loose framework of normative deliberation [90].
Moral problems, for instance conflicting moral duties, need normative interpretation
and clarification. Three ways are identified to bridge moral duties to concrete decisions
or actions [93]:
1. Application: the right course of action is deduced from general rules.
2. Balancing: conflicting duties are weighed in order to determine which has priority
in the specific situation.
3. Specification: the process of qualitatively tailoring our norms to cases by spelling out
where, when, why, how, by what means, to whom, or by whom the action is to be
done or avoided.
Of these, balancing and specification especially require extensive fine-tuning and
argument [93]. For this, the method of reflective equilibrium is considered to be very
potent [91,92]. To come to a coherent moral judgment or action, one has to bring a
wide variety of input, such as generally accepted ethical principles (e.g. autonomy,
beneficence, justice), background theories (e.g. utilitarianism, virtue ethics) as well as
empirical facts, local contextual factors, and moral intuitions into a state of equilibrium
or harmony [91,92]. The process can be seen as a going back and forth between beliefs
originating from practice and from theory [93]. The basic criteria the outcome should
meet are consistency (non-contradiction), coherence with warranted non-moral beliefs
(empirical evidence), absence of bias, argumentative support, and restriction of starting
premises [90]. To conclude, a moral judgment or action should be internally coherent
with relevant, justified beliefs of the parties involved, requiring extensive argument and
continuous refinement according to changing circumstances.
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ABSTRACT
Molecular pathology is becoming an increasingly important discipline in oncology, as
molecular tumor characteristics will increasingly determine targeted clinical cancer
care. In recent years, many technological advances have taken place that contributed
to the development of molecular pathology. However, attention to ethical aspects
has been lagging behind, as illustrated by the lack of publications or professional
guidelines. Existing guidelines or publications on ethical aspects of DNA sequencing
are mostly aimed at germline or tumor sequencing in clinical genetics or biomedical
research settings. As a result, large differences have been shown in the process of tumor
sequencing analysis between laboratories.
In this paper, we discuss the ethical issues to consider in molecular pathology by
following the process of tumor DNA sequencing analysis from the pre-analytical to postanalytical phase. For a successful and responsible use of DNA sequencing techniques in
clinical cancer care, several moral requirements must be met, for example those related
to interpretation and returning genetic results, informed consent, and the retrospective
as well as future use of genetic data for biomedical research. Many ethical issues are new
to pathology or more stringent than in current practice as DNA sequencing could yield
sensitive and potentially relevant data, such as clinically significant unsolicited findings.
The context of molecular pathology is unique and complex, but many issues are similar
to those applicable to clinical genetics. As such, existing scholarship on this discipline
may be translated to molecular pathology with some adaptations and could serve as a
basis for guideline development. For responsible use and further development of clinical
cancer care, we recommend pathologists to take responsibility for the adequate use of
molecular analyses and be fully aware and capable of dealing with the diverse, complex
and challenging aspects of tumor DNA sequencing, including its ethical issues.
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INTRODUCTION
Emerging ethical needs for molecular pathology
With the emergence of precision medicine, genetic analysis to molecularly characterize
tumors has become a fundamental component of the diagnostic work-up of cancer
patients. The development of precision medicine has been fueled by advances in DNA
sequencing technologies, especially the possibility of performing massively parallel
or next-generation sequencing (NGS) on formalin-fixed paraffin-embedded tissues
for routine diagnostics [1–3]. Tumor (somatic) DNA sequencing is often performed
at ‘molecular pathology’ (MP) units of pathology departments. MP has contributed to
the changing role of pathologists from purely diagnostics to being actively involved in
common treatment decisions and determining suitability for clinical trials based on
identifying molecular targets.
However, there are several important concerns when technological possibilities outpace
interpretive skills and reflection on ethical aspects [4]. With ethical aspects, we refer
to those aspects that carry a normative dimension, harboring some of form of value
judgment about what action or behaviour is right or wrong. Many of these issues
concern how to adequately deal with the large amounts of potentially sensitive genetic
data. MP publications generally only deal with technical issues, without making the
normative aspects explicit [5–8]. Guidelines or publications focused on the responsible
application of large-scale genetic sequencing are mostly aimed at germline sequencing
in clinical genetics (CG) or primary research settings [9–21]. Also, most existing
scholarship that (briefly) mention tumor DNA sequencing focus on whole exome or
genome sequencing (WES, WGS), and not on targeted (cancer) gene panels generally
used in MP practice [7,22,23]. As a result, large differences have been shown in the
process of tumor sequencing analysis between laboratories [4,24–26].
The unique context of molecular pathology
The MP field is unique and different from CG and primary biomedical research settings.
As such, ethical challenges and guidelines cannot necessarily be extrapolated from
these related fields. First, the context is different. MP analysis forms an integral part of
routine tumor diagnostics. As such, not all tissue can be used for genetic analysis, but
should for instance be responsibly divided for morphological, immunohistochemical
and molecular analyses. Second, the pathology patient population is different. In most
cases, patients are either just diagnosed with a malignancy or are still undergoing
diagnostics for their health complaints. Generally, they are very focused on getting a
proper diagnosis and treatment, and not so much concerned or familiar with the (e.g.
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hereditary) side effects of their molecular tumor workup [27–31]. Third, the analysis
and input material are different. In contrast to CG, DNA analysis is performed on a wide
range of (tumor) tissues in search of somatic alterations instead of using blood to look
for germline mutations. The type of input material poses challenges. Reliable molecular
analysis relies on an adequate amount of nucleic acids of adequate quality, but there is a
trend toward increasingly smaller biopsy or cytology specimens obtained by minimally
invasive techniques. Moreover, pathology specimens generally undergo formalin
fixation, which causes DNA fragmentation. Although these aspects are no direct ethical
issues in themselves, they may affect the reliability of MP analysis results. To determine
what degree of uncertainty is still acceptable, both technical and ethical judgements are
required. Hence, the technical and ethical challenges are often interwoven.
For a successful and responsible use of DNA sequencing in clinical cancer care, several
moral requirements must be met [32]. In this paper, we discuss the ethical issues to
consider in MP by following the process of tumor DNA sequencing from the preanalytical to post-analytical phase. The exact practice of MP may differ between
countries and clinical practice settings, but the ethical issues are to a large extent global.
We make use of scholarship and ethical discussion in related fields and we analyse how
they can be translated to MP.

1. PRE-ANALYTICAL POINTS TO CONSIDER: ORDERING
TUMOR DNA SEQUENCING ANALYSIS
1.1. Informed consent
There has been a long-standing debate and emerging consensus in the clinical genetics
and research context that obtaining informed consent is an ethical prerequisite before
initiating DNA sequencing [9,19–21,33–35]. However, there is currently no guideline or
consensus for informed consent in MP. It has been given little attention in the literature
so far. This may be quite understandable, since genetic analysis is a logical part of tumor
workup to arrive at an optimal treatment for the patient (i.e. initiated from the principle
of beneficence). It may also be due to certain difficulties to implement informed consent
in clinical practice. First, MP analysis is unpredictable beforehand since it heavily
depends on the initial morphological diagnosis, meaning that genetic analysis may
or may not be necessary, and the exact type of genetic analysis may vary from tumor
to tumor. Second, pathologists usually do not have direct contact with patients and,
as such, do not perform informed consent procedures themselves. Third, obtaining
informed consent in the sequencing context is challenging due to its complexity,
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which may lead to patients who insufficiently understand the information given and
experience information overload [36]. Fourth, there is much time pressure in pathology
and interrupting the usual analysis logistics to ask for informed consent for DNA
analysis would inevitably lead to delays. As a consequence, consent in current practice
is considered to be deficient. It can be assumed that patients are generally insufficiently
informed about the ins and outs of tumor DNA sequencing and have not been given
the opportunity to decide whether they would like to be informed about issues such
as unsolicited findings (i.e. findings not related to the primary clinical question) (see
below) [36].
However, from a moral point of view, these practical issues should not be regarded
as an excuse to not at least attempt to sufficiently inform them about the potential
benefits (e.g. confirming disease; determining therapeutic options), limitations (e.g.
possibilities of too low tumor cell percentage or no representative tumor sample
due to tumor heterogeneity), and potential side effects (e.g. discovery of variants of
uncertain significance (VUS) or unsolicited (germline) findings requiring further
medical investigation and causing potential psychosocial concerns for patients and
their family members) [9]. The current consensus states that patients should be able
to give explicit consent about whether they would like to be informed about clinically
significant unsolicited findings [9,14,19–21,37]. If the patient’s preference is not known
and analysis yields a clinically significant unsolicited finding, it could cause moral
dilemmas for pathology: should the laboratory report the finding, or not? Moreover,
it would be desirable and sometimes also legally required that patients are informed
about potential (anonymous) data sharing or uploading of genetic variants in online
databases/repositories to improve clinical cancer sequencing and potential future use
of genetic data for research purposes for which patients can give separate consent (see
below).
The optimal form and timing of the informed consent procedure is still to be
determined. The extensiveness of the informed consent procedure should be dependent
on the extensiveness of MP analysis (i.e. number of genes involved) (Figure 1). The risk
of unsolicited findings increases with increasing numbers of genes analyzed. It is not
easy to define the cutoff point in molecular testing for where the risk of unexpected
findings warrants informed consent. In literature, it has been shown that at least 1%
of patients had unsolicited findings in large-scale NGS sequencing, rising to 16-19%
when using gene panels containing 300-450 cancer-related genes [38–41]. Since many
of these unsolicited findings consisted of variants of uncertain significance, a balance
must be found between full informed consent with the risk of information overload on
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the one hand, and too limited consent with the risk of becoming uninformed consent
[37,39]. In our opinion, a separate informed consent for tumor DNA analysis is not
necessary when only a limited set of genes are analyzed in which no relevant germline
mutations are known to exist. In case of non-targeted sequencing of many genes and/
or sequencing of genes in which relevant germline mutations exist, additional informed
consent as well as a clear disclosure policy may be necessary because of a reasonable
chance of unsolicited findings.
Alternative informed consent models have been proposed that may be more suitable
for (large-scale) sequencing, including generic consent and a tiered disclosure system
in which patients are given a set of options, for example different types of unsolicited
findings they would like to be informed about [14,37,42–46]. It is generally understood
that the ordering clinician (e.g. medical oncologist or pulmonologist), and not the
laboratory, is responsible for obtaining informed consent [9,22]. However, although
the patient is literally farther away, pathologists (or molecular biologists working in
pathology) should play an active role in designing an adequate informed consent
procedure for the analyses they perform. The question is whether such an informed
consent procedure could still be solely executed by well-trained clinicians or that
pathologists should more directly take part in such communication with patients. In
any case, it is important to find a balance between providing adequate information,
avoiding unnecessary fear and burden for patients (e.g. by information overload), and
not taking up too much time and resources of clinicians and pathologists [46].
1.2. Who can order molecular pathology testing?
Physicians from several disciplines may be qualified to order MP analysis directly or
usually indirectly via a pathologist for a tumor on which initial diagnostics has been
completed. The benefit from the latter approach is that it provides an extra check, for
example to check whether it concerns the right tumor type, whether the sample likely
contains enough tumor cells, and whether the correct test will be performed. This
prevents unnecessary testing and associated costs. A drawback may be that this takes
extra time. Alternatively, pathologists can directly and independently order MP analysis,
as part of a protocolled workup of certain tumor types. Time-saving approaches,
such as automatic (reflex) testing, have been proposed based on diagnosis and tissue
availability, for example for assessing therapeutic sensitivity for lung adenocarcinomas
[7]. However, without prior consultation of the clinician, patients may not be adequately
informed and may not have been able to give prior informed consent. As said before,
this is especially important when performing large-scale non-targeted DNA analysis
techniques. As such, the span and scope of what a pathologist is allowed to do is also an
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important matter of debate. In conclusion, good communication between the pathology
laboratory and clinicians is essential so that MP analyses are ordered and performed
effectively and appropriately.

2. ANALYTICAL CONSIDERATIONS: PERFORMING TUMOR
DNA SEQUENCING ANALYSIS
2.1. Selecting tissue for molecular pathology analysis
Pathologists have the obligation to make responsible use of tissues for morphological,
immunohistochemical, and molecular analyses. The trend towards increasingly smaller
patient samples makes the obligation to use tissues responsibly even more urgent.
Molecular analysis relies on adequate amounts of tumor DNA, so tissue usage for
morphology and immunohistochemistry should be as minimal as possible. The issue of
tissue representativity is not only a technical issue (e.g. insufficient tumor material), but
also an important moral issue: to what extent do the cells taken for tumor DNA analysis
represent the genetic composition of the whole tumor (i.e. tumor heterogeneity), and
when would this be adequate enough? When there is no uniform distribution, the tumor
cells taken for analysis do not represent the composition of the whole tumor, potentially
leading to false positive or false negative results and eventually, treatment failure and
shorter survival [47]. In other words, tumor heterogeneity may reduce power to detect
clinically relevant mutations [48]. Using smaller biopsies increases the risk for tumor
heterogeneity underestimation [49,50]. Also, low tumor cell percentages make it difficult
to detect clinically significant mutations due to normal tissue contamination [24]. This
means decisions have to be made about a responsible cut-off or limit of detection to make
the distinction between positive and negative results. For this, not only biological and
technical aspects should be considered, but also moral aspects, such as what amount of risk
for false positive or false negative tumor DNA alterations would be morally acceptable.
As clinical cancer care will increasingly depend on the molecular tumor characteristics
and targeted therapies are generally less associated with severe side effects, one could
argue that it would be very important to detect as many reliable potential targetable
genetic alterations as possible and determine the threshold above which a mutation is
considered to be present accordingly (e.g. establishing the limit of detection). Molecular
biologists or pathologists interpreting MP results should be aware of the assay’s limit
of detection and the risk of false negative results. Before initiating MP analysis, the
presence of tumor and tumor percentage should be confirmed and determined by an
experienced pathologist. In a few areas, such as lung cancer, professional organizations
have created best practice recommendations and guidelines on how to adequately
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use and select tumor tissue for morphological, immunohistochemical, and molecular
analyses [51,52]. It would be of in depth importance to also include the perspective of
patients and proceduralists who obtain the tissue samples in determining these kinds of
cut-off points. It is important for proceduralists, e.g. pulmonologists and intervention
radiologists, to be aware not only of the benefits (e.g. lower risk of complications,
shorter recovery time), but also of the downstream risks of obtaining small biopsies or
fine-needle aspirations due to limited tumor content (e.g. inadequate amount of DNA,
tumor heterogeneity). Although we here focus on the pathology perspective, it is in
fact a shared responsibility to successfully and responsibly obtain representative cells
or tissue for MP analysis, weighing several aspects against each other and making riskbenefit calculations.
Once the decision has been made to perform MP analysis, one could decide to test only
tumor tissue or also normal tissue to be able to discriminate somatic variants from
germline variants (subtracting approach). In the case of WES/WGS, it is essentially
impossible to interpret tumor results without a paired normal sample given the large
number of genetic variants detected. For more limited genetic analysis, no consensus has
been reached about which of these approaches to take, although in general tumor-only
sequencing is preferred. The subtracting approach has been considered acceptable when
the purpose of testing is to identify clinically significant somatic variants [9]. However,
this approach masks germline variants, leading to a questionable loss of information
and is also associated with increased costs. In the context of (tumor) WES or WGS
in CG and research settings, there is a growing consensus that there is an obligation
to actively screen for potential germline findings and to disclose clinically significant
(potential) germline findings (see below) [9,10,14,15,17,18,21,53–56]. As such, it may
be odd not to have such an obligation in the diagnostic MP setting when paired normal
tissues are analyzed. However, when tumor-only sequencing is performed, unsolicited
germline mutation may still be uncovered (see later, 2.1. Return of results) [41]. A
balance should be found between meeting patients’ benefits and interests in obtaining
potential clinically significant unsolicited genetic results and the extra costs and other
resources required for this and subsequent germline validation.
Of note, cell-free DNA (cfDNA) analyses could complement tissue and cellular analyses
and thereby be useful to increase the diagnostic yield of molecular tumor work-up. For
example, it is nowadays possible to detect molecular alterations in supernatants from
fine-needle aspirations or cerebrospinal fluid [57–60]. The cell pellets could then be
reserved for morphological, immunohistochemical, or additional molecular analyses.
Interestingly, in several cases clinically significant molecular alterations were detected
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only in the cfDNA in the supernatant and not in tumor cell DNA in the cell pellet [58].
Regarding tumor heterogeneity, it has been suggested that circulating cfDNA may be
more representative of the whole tumor cell population than biopsy or cytology samples
[61], although this needs to be further confirmed. As such, cfDNA analysis in blood
may be a promising technique to monitor tumor progression and detect mechanisms
of therapy resistance [61,62]. We recommend MP laboratories to actively engage in
(multidisciplinary) discussions on cfDNA analysis applications and setting up analysis
pipelines, as they form a promising technique for the future.
2.2. Choosing the right molecular test
Several factors can be identified that influence the choice for a MP assay, including
clinical need (e.g. drug availability for actionable mutations), the type of mutations
(e.g. hotspot or non-hotspot mutations), tissue availability and quality, the number of
samples, the number of genes that need to be tested and workflow efficacy issues [7].
Currently, targeted NGS gene panels are commonly used in MP laboratories as they are
cost- and time-effective by targeting multiple clinically actionable mutations with high
coverage (i.e. sensitivity) [3,9,63,64]. It is expected that testing with large gene panels or
whole exome sequencing will become more widespread in the future when this becomes
technically feasible and affordable, allowing a single workflow in the MP lab [3,65].
The current discussion on which assays to use is mainly focused on the technical and
financial aspects, although there are also some ethical considerations, mainly with
respect to a higher chance of unsolicited findings when using larger gene panels, many
consisting of VUS [39,66,67]. As written above, this risk should not be underestimated.
VUS detection should usually not alter clinical management, but it has been shown that
clinicians overinterpret VUS [68]. Appropriate counselling and reporting of unsolicited
findings to clinicians and patients are necessary. The laboratory is not only responsible
for the results being analytically valid, but should also be aware of and responsible for
a workflow in which the advantages and limitations, assay options and (unsolicited)
findings are explained to healthcare providers [12].
2.3. Data analysis issues
The reported genetic variants are greatly influenced by the choice of filters for variant
calling parameters. Currently, there is no gold standard variant calling procedure and it
is not yet clear to what extent these procedure variabilities eventually lead to reporting
false positive or false negative tumor DNA sequencing results. Further research and
more uniformity on this matter are needed to determine what is morally acceptable.
Theoretically, bioinformatics pipelines can be set to reveal or hide potential unsolicited
findings.
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3. POST-ANALYTICAL CONSIDERATIONS: REPORTING,
STORING AND RE-USING OF TUMOR DNA SEQUENCING
ANALYSIS RESULTS
3.1. Return of results
Offering the return of clearly pathogenic genetic variants directly related to the clinical
question is self-evident, but what about uncertain findings such as VUS in the genes of
interest, or unsolicited findings in genes not directly related to the clinical question?
In essence, the required information to disclose should be based upon the clinical
indication, e.g. providing disease classification or treatment guidance [7,23]. In general,
it is recommended to report only pathogenic or likely pathogenic mutations [23].
Concerning VUS, it has been proposed that they should only be reported when found
in genes relevant to the testing indication [21]. With respect to unsolicited findings,
there has been a long-standing debate with emerging consensus that all analytically
and clinically significant unsolicited findings should be reported, provided that the
patient has given consent in the context of CG and research [10,14–18,21]. Although the
Association for Molecular Pathology (AMP) promotes laboratories to develop a policy
for analysis and reporting of clinically significant unsolicited findings, it has not been
given much attention in general pathology literature so far [22,23]. There is no clear
guideline or consensus yet for the MP setting on which results to report, apart from the
general recommendation to exercise extra caution with unsolicited findings [23].
The question is whether it is justifiable to limit the analysis to the diagnostic question
or that there is an obligation to screen for potential clinically significant unsolicited
findings [25,53]. Unsolicited findings can be considered ‘foreseeable’ when using larger
gene panels. These gene panels often contain several genes from the set of genes of
which the ACMG recommends disclosure in case unsolicited findings are detected (e.g.
TP53, APC, and PTEN) [21]. This could be a strong argument for disclosure. However,
in contrast to CG, no definite conclusion with regard to the detection of clinically
significant unsolicited germline mutations can be made in MP, as sequencing takes
places on tumor tissue, almost always mixed with a varying amount of normal tissue
cells. However, variant frequency can, in combination with tumor percentage, suggest
a germline nature. Moreover, more genetic variants could be expected in MP than in
CG, as cancer is a genetic disease in itself. The majority of genetic variants may not
be clinically or biologically significant, but could be considered passenger mutations
[63]. It is often difficult to definitively classify a genetic variant as clinically relevant (i.e.
pathogenic), which could cause unwanted psychological distress for the patients [25].

200

Ethical considerations for modern molecular pathology

The decision on what to report to the patient has been traditionally given to the
clinician. However, developments such as the rapidly evolving knowledge of cancer
genetics and the visibility of genetic data in electronic health records accessible by the
patients themselves, necessitates a re-evaluation of who is the appropriate provider of
genetic information [25]. It becomes increasingly difficult for clinicians to decide which
information is important and appropriate to report to patients [25]. A more active role
for pathology in providing patients the required information has been proposed [7].
This would provide pathologists with new challenges to perhaps open up a pathology
outpatient clinic or participate in a multidisciplinary outpatient setting. Pathologists
should actively engage and promote discussions with other medical specialists and
with patients on the handling of unsolicited findings and uncertain findings in genes of
interest. They should also contribute to development and implementation of guidelines
on how to manage them.
3.2. Data storage and re-analysis
Cancer genetics is an evolving field. Genetic alterations of which the clinical significance
is still unclear today may be classified in the future as definitely pathogenic or benign.
The possibility of reanalysis is a big advantage of DNA sequencing, maximizing its
benefit for clinical care [69,70]. Current literature on (whether and to what extent there
is an obligation of) genetic reanalysis is focused on the CG context using WES/WGS.
In this context, it has been shown that in 10-16% of previously undiagnosed cases
explanatory variants were discovered by re-analysis 1-3 years later and that multiple
cases with previously detected VUS could be downgraded [69–73]. The question is then
whether laboratories should (systematically) re-analyse stored genetic data. For the CG
context, periodic reanalysis has been recommended in non-diagnostic cases, although
a recent interdisciplinary working group came to the consensus that laboratories have
no obligation to routinely analyse data [69,71,74,75]. In the MP context, laboratories
are encouraged to set up clear and appropriate policies, but discussion in literature
let alone consensus in the MP context are lacking on what would be an appropriate
re-analysis and re-contact policy [10,23,76–79]. In contrast to CG, MP analysis has
more time pressure as patients are currently suffering from (often metastastic) cancer.
As such, re-analysis a couple of years later may be of less value as in the CG context
as part of the patients may already be in a condition too poor for targeted therapy or
have already died from their disease. However, there may be some indications in which
reanalysis in MP is of value, for example for patients with VUS in genes of interest.
Another question is whether it should be on the clinician’s initiative or that it should
be a standard process initiated by the pathology laboratory, for which type of results
it should be performed and for how long after the initial analysis [25]. Apart from the
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desirability, the practical feasibility should also be considered, as re-analysis would
require significant resources, including adequate storage, regular updating of analysis
tools and genetic variant databases, reporting as well as re-contacting patients, for
which there may be no reimbursement [25,71,73,75]. When laboratories do not offer
(standard) re-analysis, it would be advisable to state that the classification of genetic
variants is based on knowledge at the time the sequencing analysis took place [74]. It
also important to keep in mind that when re-analysis is not based on the laboratory’s
initiative, there is chance of inequity as well-informed, higher-educated patients may
request re-analysis more often than lower-educated patients [74]. This will be even more
the case in countries with no universal health coverage.
3.3. Data sharing
To be able to build knowledge more rapidly about specific genetic aberrations and their
association with disease types and therapeutic response and to improve clinical care, the
ACMG and AMP state that laboratories should be encouraged to share their genomic/
genetic data in public databases or resources, such as Clinvar, My Cancer Genome
and COSMIC [11–13,23]. MP laboratories frequently make use of these resources to
interpret genetic results. We believe that MP laboratories should also be encouraged to
share their genetic data with these resources, based upon the principle of reciprocity, i.e.
the idea that all those involved in cancer genetics and clinical cancer care have a shared
responsibility for its further development. However, data sharing can be in tension
with confidentiality and privacy [74]. Even when data are anonymized or de-identified,
genetic information may be potentially re-identifiable, although it still unclear on to
what extent privacy risks form an actual threat to patients [80]. Currently, no consensus
exists on to what degree genetic data should and can be anonymized. A balance must
be found between maximal use of genetic data for the advancement of clinical care and
future patients, and protecting patient’s privacy [80].
3.4. Future scientific use
With the emergence of MP a new type of archived ‘material’ beside tissues, namely
genetic data, has been introduced. They form a valuable source for future scientific
purposes as large quantities of genetic data are needed to obtain adequate statistical
power and discover new genetic associations with disease (outcome) [81–84]. Laws
and regulations on the use of left-over patient tissues vary between countries. In some
countries patients should give explicit permission for scientific use of their tissues (optin), whereas in other countries these materials could be used unless patients actively
oppose (opt-out) [85–91]. Considering data, the new EU General Data Protection
Regulation sets conditions for protecting citizens’ personal data. This includes sensitive
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personal data such as genetic data, for countries in the European Union [92]. Processing
of genetic data will in principle be forbidden without explicit consent, but could under
certain conditions exceptionally be admitted by (national) law for scientific purposes
[92,93]. To conclude, MP laboratories should ensure that archived tissues and genetic
data are responsibly taken care of, but could also be shared with researchers as long as
patients’ rights and respect for their autonomy and privacy are guaranteed.

DISCUSSION
In this paper, we showed that ethical issues are present in every stage of the MP analysis
procedure. Many of these issues are new to pathology or more stringent than before as
DNA sequencing could yield potentially sensitive data. Several ethical principles are at
the basis of these ethical issues, including beneficence, non-maleficence, confidentiality,
reciprocity, and equity. These ethical principles are sometimes in conflict with each other.
In these cases, the pathologist, the clinician, the patient, and other relevant stakeholders
should together take these aspects into consideration in order to come to a decision.
Moreover, we showed the ethical pre-requisites of performing MP analysis adequately
are dependent on the extensiveness of the analysis method (Figure 1).
Although the context of MP is unique, many issues are similar to those applicable to CG,
in which much more scholarship on ethical aspects exists. This is the case, for example,
for issues like informed consent and return of results. In both contexts, it is important
that patients are aware of the DNA analysis being performed with its associated benefits
and risks, and that clinically significant findings are returned.
However, one cannot just directly apply scholarship in CG to pathology practice. In
essence, there are two main differences that make the MP context more complex and
that should be taken into account when managing ethical issues. First, a pathologist
usually does not have direct contact with patients, in contrast to a clinical geneticist.
This makes the practical execution of issues like informed consent and return of results
challenging. Second, MP analysis is complex as it is not a stand-alone analysis but forms
a part of tissue diagnostics in general for patients who usually are hardly aware of the
implications of tumor DNA sequencing. Also, the tumor tissues are always mixed with
normal tissue cells making results more difficult to interpret.
As said before, scholarship on ethical aspects of MP and tumor DNA sequencing is
limited. The AMP has published guidelines in which there is some attention for ethical
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Figure 1. High-complexity assays demand higher ethical requirements.
The ethical pre-requisites of performing MP analysis adequately are dependent on the extensiveness of the
analysis method. When larger gene panels are used and/or when normal tissue is also sequenced beside tumor
tissue, the chance of detecting unsolicited findings (e.g. potential germline mutations) increases. This poses extra
demands on the consent and disclosure procedure as well as privacy measurements. Moreover, as usually more
genetic variants (of uncertain significance) are detected when using whole exome or whole genome sequencing,
data sharing and re-analysis as well as a clear protocol for future scientific use (with appropriate consent) are
more important compared to when single gene or limited gene panels are used. Whole exome and whole genome
sequencing also pose higher requirements on DNA content and quality as well as analysis procedures, in which
not only biological and technical aspects, but also value judgments are involved.

issues. These guidelines are however quite open-ended, for example encouraging
laboratories to set up adequate disclosure and re-analysis procedures. A genuine
discussion among pathologists is lacking about what an appropriate disclosure or reanalysis procedure would be, illustrating that there is little awareness on ethical issues
amongst pathologists. This is, for instance, also reflected in the lack of ethical committees
in pathology associations. However, the complexity of the MP context and the fact that
pathology in general has traditionally been functioning behind the scenes, having no
direct relations with patients, should not be an excuse to inhibit discussion and reflection
on ethical aspects. Instead, it should be seen as an interesting new dimension of this
rapidly evolving and important medical specialty that concerns increasing numbers of
patients, in fact many more than those referred to CG.
Thus, pathology should take the lead in this era of tumor DNA sequencing, not only
with respect to the technical aspects, but also to these ethical challenges. Pathologists
should take responsibility for the adequate use of molecular analyses, for example by
promoting the development of adequate informed consent and disclosure procedures.
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This would require more interaction and collaboration with stakeholders, including
patients, clinicians, clinical geneticists, bio-informaticians, bio-molecular scientists,
clinical scientists, lawyers and ethicists, so that clinical cancer care can be truly tailored
for well-informed patients and clinicians [9,25,94]. Tighter cooperation and discussions
with clinical geneticists are also desirable. The disciplines of pathology and CG have
perhaps developed too independently with respect to the technical as well as ethical
aspects and might even be viewed as competitors in providing clinical DNA sequencing
services. As they encounter similar technical and ethical issues, it would be very valuable
to make use of each other’s expertise and integrate (ethical) debates, while being aware of
the differences. Moreover, pathologists could act as educators of clinicians and patients
about the benefits, risks, and limitations of tumor DNA sequencing and personalized
(genetic) medicine, so that molecular testing is properly used and interpreted [95].
These competencies are rather new for this discipline that has been traditionally acting
‘behind the scenes’ of clinical care, but are exciting and should be developed during
pathology training [63]. In the end, biological, technological as well as ethical aspects
need to be combined and shaped into a responsible use and further advancement of MP
within medicine.

CONCLUSION
The era of personalized cancer care calls for an active role of pathology as a specialty.
Pathology should get prepared to be fully aware of and capable of dealing with the
diverse, complex but challenging aspects of tumor DNA sequencing, including its
ethical aspects. These are a pre-requisite for good clinical practice. To make clinical
cancer treatment truly personalized, pathology should get the patient behind the tissue
and genetic data more into sight.
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SUMMARIZING DISCUSSION
In the first part of this thesis, we investigated several types of tissue biomarkers for
BRCA1/2-related breast cancer that may be used to identify potential BRCA1/2 germline
mutation carriers and stratify patients for subsequent germline mutation testing. In the
second part of this thesis, we investigated ‘gen-ethical’ aspects of translational (cancer)
research and clinical cancer care with respect to the emergence of molecular pathology.
In Chapter 2 an overview of the literature was given concerning hereditary breast cancer
syndromes in general, including BRCA1/2 germline mutation-related breast carcinomas.
Several studies have investigated the tumor characteristics of BRCA1- and BRCA2related breast carcinomas, including protein expression by immunohistochemistry. Few
studies have however taken the next step to develop a prediction model based upon
these differences between BRCA-related and sporadic breast carcinomas, especially
with regard to BRCA2-related breast carcinomas [1–5].
In Chapter 3 we performed the largest comprehensive immunoprofiling study in
BRCA1/2-related breast carcinomas published so far. From this, a promising, accurate
immuno-based prediction model was developed to identify BRCA1/2 germline
mutation-related breast carcinomas. The prediction model is based upon 14 predictors
(age, mitotic activity index, cyclinD1, ERα, ERβ, FGFR2, FGFR3, FGFR4, GLUT1, IGFR,
Ki67, MLH1, p120, and TOP2A) with excellent discriminative performance (AUC =
0.943 (95%CI: 0.909-0.978)) and reasonable calibration. Also, the performance seems
to be better than current known prediction models based on clinical, morphological,
and/or immunohistochemical characteristics, and similar to that of molecular models.
This tool could help in predicting which breast cancer patients may have an underlying
BRCA1/2 germline mutation, largely independent of clinical characteristics. As such,
the model could be used as a pre-selection tool for germline mutation testing. Before the
model could be implemented in clinical practice, the reproducibility among pathologists
of scoring the selected immunostains should be evaluated. Moreover, external validation
is needed to test generalizability of this model. Further research is also required to find
out for which group of breast cancer patients this prediction model will be (most) useful
and cost-effective.
In Chapter 4, we assessed the diagnostic value of BRCA1/2 methylation in
distinguishing BRCA1/2 germline mutation-related from sporadic breast carcinomas.
BRCA methylation analysis may be used as a potential pre-screening test for BRCA1/2
germline mutation analysis as it has been proposed in literature that BRCA promoter
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methylation and germline mutations are mutually exclusive [6–16]. For routine testing,
more confirmation was needed, especially with regard to the best CpG sites to target,
and a robust assay needs to be available that works well on FFPE tumor material. We
analysed BRCA1/2 methylation in BRCA1/2 germline mutation-related and sporadic
breast carcinomas using a recently developed BRCA MS-MLPA assay, a technique wellsuited for daily pathology practice. We discovered that the diagnostic value of BRCA
promoter methylation analysis in distinguishing BRCA1/2-related from sporadic breast
carcinomas seems to be considerably dependent on the targeted CpG sites. Some CpG sites
were methylated more frequently in BRCA1/2-related compared to sporadic carcinomas
(those located at Chr17:41277395, Chr13:32889621, Chr13:32889836, Chr13:32889672,
Chr13:32889683, and Chr13:2889608) (genomic locations based upon GRCh37/hg19).
Other CpG sites were methylated more frequently in sporadic carcinomas (those located
at Chr17:41277429 and Chr17:41277323). Daniels et al. (2016) also recently discovered
that BRCA1 methylation frequencies vary between CpG sites [17]. As a consequence,
the diagnostic value of BRCA methylation analysis in distinguishing BRCA1/2-related
from sporadic breast carcinomas is considerably dependent on the targeted CpG site(s).
Sensitivity and specificity were most balanced when using all four BRCA2 probes to
rule in BRCA1/2 germline mutations when methylation is detected in at least one
the BRCA2 probes targeting CpG sites located at Chr13:32889621, Chr13:32889836,
Chr13:32889672, Chr13:32889683, and Chr13:2889608 (sensitivity 69.4%, specificity
87.5%). We observed frequent BRCA methylation in BRCA-related breast carcinomas:
at least 63.8% of BRCA1/2-related carcinomas showed methylation of at least one of the
targeted CpG sites in the BRCA1 or BRCA2 promoter. As such, our findings did not
support the general assumption in literature that BRCA promoter methylation and BRCA
germline mutations are mutually exclusive. To our knowledge, this was the largest study
investigating BRCA1 as well BRCA2 methylation in both BRCA1 and BRCA2 germline
mutation-related breast carcinomas, and sporadic breast carcinomas. Our findings are
important for adequate use of BRCA methylation analysis as a pre-screening tool for
BRCA germline genetic testing, or to test eligibility for certain therapeutic strategies (see
Future perspectives). Further research is required to assess which other CpG sites are
important in distinguishing BRCA1/2 germline mutation-related and sporadic breast
carcinomas, especially with respect to BRCA2 methylation as evidence is still limited.
As our methylation results were different from several previously published studies, we
performed the first systematic review that investigated to which extent BRCA promoter
methylation has exactly been reported in breast as well as ovarian carcinomas of BRCA
germline mutation carriers (Chapter 5). We also investigated which CpG sites have
been investigated by the studies and what the diagnostic value would be if BRCA
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methylation analysis were to be used to differentiate BRCA germline mutation-related
from sporadic carcinomas (Chapter 5). The 21 articles that met the inclusion criteria
showed that BRCA methylation occurs rarely in BRCA1/2-related breast and especially
ovarian carcinomas, although methylation frequencies varied between individual CpG
sites. BRCA1 methylation was found in at least 3.6 and 1.1% of BRCA1/2-related breast
and ovarian carcinomas, respectively. BRCA2 methylation was observed in at least 5.3%
breast and 0.0% ovarian carcinomas of BRCA1/2 germline mutation carriers. In general,
if BRCA methylation were used to exclude BRCA germline mutations when methylation
is found, it would have an excellent sensitivity of at most 100%. The specificity would
be poor, at most 23.1%, when compared with available data on sporadic carcinomas.
However, it should be taken into account that the selected studies show large differences
in methodology, quality and risk of bias. They generally performed a limited methylation
and incomplete mutation analysis. Not more than 40% of the CpG sites in respectively
the BRCA1 and BRCA2 promoter region were studied in at least one of the studies.
The largest and qualitatively best studies show that BRCA methylation is exceedingly
rare in especially BRCA-related ovarian carcinomas. However, the occurrence of BRCA
methylation in breast or ovarian carcinomas from BRCA carriers may be underestimated.
This would have major implications for clinical practice, including referral for genetic
testing and BRCAness analysis for treatment decision-making (see Future perspectives).
Currently, it is unclear which specific CpG sites have the highest diagnostic value in
distinguishing BRCA-related from sporadic breast and ovarian carcinomas.
In Chapter 6, we performed a miRNA profiling study to investigate which miRNAs
are deregulated in BRCA1/2 germline mutation-related breast carcinomas. This
could give more insight into BRCA1/2-associated breast carcinogenesis and yield
new diagnostic biomarkers, or therapeutic targets. It has been shown previously that
miRNAs play a role in sporadic breast carcinogenesis [18–21], but little was known
about miRNA expression in BRCA1/2-related breast cancers. As miRNAs are relatively
resistant to degradation caused by the formalin fixation process, miRNA biomarkers
could be implemented relatively easily in pathology practice [22]. We observed that
many more miRNAs were differentially expressed between breast carcinomas and
normal breast tissues from BRCA carriers, compared to available data in literature
on sporadic breast carcinomas and normal breast tissues from non-BRCA-mutation
carriers. This might be related to the chromosomal instability characteristic of
BRCA1/2-associated breast carcinomas, leading to loss of chromosomal regions and
consequently, miRNA genes. Multiple deregulated miRNAs may be potentially specific
to BRCA1/2-related breast carcinogenesis. Especially, BRCA2-related breast carcinomas
did not show any similarities in up-regulated miRNAs with sporadic breast carcinomas.
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This is remarkable as BRCA2-related carcinomas otherwise show many similarities
with sporadic carcinomas. However, we also discovered several miRNAs that were
deregulated in BRCA1/2-related as well as sporadic breast carcinomas. This suggests
the existence of common miRNA-regulated pathways involved in breast carcinogenesis
in general. Further research is needed to validate our results and to investigate whether
these deregulated miRNAs may also be used as a potential tool for diagnosis or target
for therapy.
Leftover human bio-specimens are a rich source for biomedical (cancer) research. More
and more analyses can be performed on formalin-fixed paraffin-embedded tissues,
including DNA sequencing analyses. The scope has changed from single-gene testing to
large-scale genomics studies. For example, next-generation sequencing has elucidated
the genomic landscape of breast cancer [23]. Moreover, large (international) research
projects and biobanks have emerged that share and store samples and/or data, for
example The Cancer Genome Atlas studies (https://cancergenome.nih.gov/) and the
Genomic Data Commons Data portal that researchers can use to access cancer genomic
data (https://portal.gdc.cancer.gov/). These developments create ethical challenges and
moral duties for researchers performing these studies, as large amounts of potentially
sensitive data are being generated and shared. In hereditary breast cancer research, for
example, there has been discussion whether BRCA1/2 gene sequencing can be performed
in research settings and under which conditions [24–26]. We were confronted ourselves
by a moral dilemma while performing the immunoprofiling study described in Chapter
3. Interestingly, a small number of clinically sporadic breast carcinomas was identified
by this model to have a high probability of being BRCA1/2-related. Further investigation
is needed on the possible underlying mechanisms. Are they ‘just’ false positives, do they
bear subclinical BRCA1/2 germline or somatic mutations, or may BRCA1/2 methylation
play a role here? However, before analyzing this further, specific consent from the
patients or their relatives is highly desirable as it may uncover potential BRCA1/2
germline mutations.
In Chapter 7, we reviewed which moral duties genomics researchers in the era of
personalized medicine are confronted with, based on literature, and we analysed how
researchers may deal with them in a morally responsible way. A wide range of moral
duties has been attributed to genomics researchers, which we have grouped in duties
related to disclosure, consent, privacy, and social responsibilities. We conclude that
awareness and concrete implementation in research practice is lagging behind. Several
(conflicting) moral duties require balancing and specification in particular contexts,
and need continuous refinement [27]. We believe that ethical awareness of researchers
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is key to identify and to some extent also balance several, potentially conflicting moral
duties. These skills are different from the traditional technical-scientific skills and need
to be developed during education of (genomics) researchers’ careers. Also, to be able
to acquire sufficient numbers of research participants from whom more is asked with
respect to privacy, the research community should to some extent meet their needs
(e.g. disclosure of research results), and maintain public trust [28]. In short, genomics
research asks more from researchers as well as research participants [29].
In Chapter 8, we outlined the ethical issues that need to be considered with the
emergence of molecular pathology. Molecular pathology is becoming a more important
discipline in oncology, as molecular tumor characteristics will increasingly determine
targeted clinical cancer care. This is changing the traditional role of pathologists from
purely diagnostics to being actively involved in common treatment decisions based on
identifying molecular targets. The advances in technological sequencing possibilities
have outpaced interpretive skills, and attention to the ethical aspects has been lagging
behind. Most existing guidelines or publications on ethical aspects of DNA sequencing
are aimed at germline or tumor sequencing in clinical genetics or biomedical
research settings. The molecular pathology context is however unique and complex as
pathologists do not have direct patient contact, causing for example specific challenges
to the implementation of adequate informed consent and return of results including
unsolicited findings (e.g. BRCA mutations). We showed that ethical issues are present
in every stage of the molecular pathology analysis procedure, starting at the order for
tumor DNA sequencing and continuing after the results are disclosed with ethical issues
related to data storage, re-analysis and future scientific use. For responsible further
development of clinical cancer care, we recommend pathologists to take responsibility
for the adequate use of molecular analyses and be fully aware and capable of dealing
with the diverse, complex and challenging aspects of tumor DNA sequencing, including
its ethical aspects.
To summarize, we identified several potential tissue biomarkers that could be used
to identify BRCA1/2 germline mutation carriers amongst breast cancer patients. We
developed the most accurate and comprehensive immuno-based prediction model
so far that could be used for detecting BRCA1 as well as BRCA2 germline mutation
carriers, although it would require further external validation. We gained more insight
into BRCA1/2 methylation in breast and ovarian cancer. At the moment BRCA1/2
methylation is not yet usable as a biomarker because of its complexity (CpG site
dependency). We discovered many deregulated miRNAs, which may be potentially
specific to BRCA1/2-related breast carcinogenesis and which, surprisingly, may be able to
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distinguish BRCA2-related from sporadic breast carcinomas. Furthermore, we outlined
that a wide range of moral duties has been attributed to genomics researchers, related
to disclosure, consent, privacy, and social responsibilities. However, awareness and
concrete implementation of these duties in research practice is lagging behind. Lastly,
we showed that ethical issues are present in every stage of the molecular pathology
analysis procedure. These include issues related to consent, disclosure as well as storage
and future use of genetic data. Current molecular pathology guidelines are focused on
technical issues and attention let alone consensus on ethical issues has been lagging
behind. Pathologists should be encouraged to take responsibility for the adequate and
responsible use of the molecular analyses their laboratories perform.

PERSONAL REFLECTION
Since I started my pathology residency and started doing biomedical research for this
thesis, I came across several ethical issues related to my work as a biomedical researcher
and pathologist in training. For example: what should I do with sporadic breast
cancer cases that according to my prediction model would be at high risk of having
an underlying BRCA1/2 germline mutation? Are patients sufficiently informed about
the advanced genetic analyses molecular pathology is able to perform on their tumor
tissues? What should we do with unsolicited findings, which could uncover a potential
hereditary cancer syndrome? Are we obliged to report these findings as we focus on
tumor rather than germline DNA sequencing? For me, it has been a truly fulfilling and
informative experience that I was able to reflect on my profession(s) and explore its
moral dimensions in this thesis as well. I realized that I do not only want to perform
translational research from a biomedical perspective, but at least as much I am driven
to bridge the translational gap between ethical scholarship and pathology (research)
practice. Ethics is not and should not be limited to the working field of ethicists alone
as I learned about the value of ethical parallel research. I am driven to raise awareness
on ethical challenges among my fellow biomedical researchers and pathologists, not
to complicate matters, but to strive for responsible research and clinical (cancer) care,
including development and implementation of exciting new technologies. I am happy
I came to the realization that in this era of increasing subspecialization there is, in fact,
still a need for bridge builders with a broad interest and a broad palet of skills to look
and work beyond disciplines.
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FUTURE DIRECTIONS
The research presented in this thesis has focused on 1) the potential role of several tissue
biomarkers in predicting whether a breast tumor may be BRCA1/2 germline mutationrelated, and 2) which ethical requirements need to be met for responsible advancement
of cancer research and clinical cancer care.
With respect to the first focus, further validation of biomarkers in general to check
their robustness and reproducibility as well as identifying for which breast cancer
patients the usage of these biomarkers would be most valuable and (cost-)effective, are
desirable. Also, investigating combinations of tissue biomarkers, analysed serially or
simultaneously, would be valuable before implementation in clinical practice. In the
future, it will be more important to determine BRCA1/2 mutations in breast cancer,
as it may also have therapeutic consequences (e.g. indication for chemotherapy and
treatment with PARP inhibitors) apart from the recognition of hereditary breast cancer
[30, 31]. This is especially true for ovarian carcinomas, but it may be the case for
breast carcinomas in the future as well. PARP inhibitors, already registered for ovarian
carcinomas with either germline or somatic BRCA mutations, have also been shown to
be effective in BRCA1/2-related breast cancers in phase II trials [32, 33]. Also, several
studies are or have been investigating different chemotherapy regimens with promising
results [30, 31]. Thus, it might be interesting to investigate the (cost-) effectiveness
of our immuno-based prediction model in predicting BRCAness in view of potential
therapeutic consequences.
BRCA methylation analysis may also in the future be performed to determine eligibility
for PARP inhibitor treatment as it has been shown that breast carcinomas with BRCA1
methylation respond well to PARP inhibitor therapy [33–35]. However, it is still unknown
which CpG sites are most important in predicting response to PARP inhibitors. These
may be different from the CpG sites that may distinguish BRCA1/2 germline mutationrelated from sporadic breast carcinomas. Thus, further research is needed on which
CpG sites to target for these two applications.
Research in oncology, including breast cancer, is increasingly characterized by largescale genetic studies. Next-generation sequencing panels have been developed that can
reliably detect BRCA mutations in formalin-fixed paraffin-embedded tumor tissues [36,
37]. Also, research techniques may be developed that can integrate clinical, radiological,
pathological, genomic, and epigenetic (e.g. methylation, miRNA) data. With the rapid
advances in sequencing technology, making it easier, faster, and less expensive, it may
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be the case that many breast cancer patients may undergo (standard) BRCA sequencing
in the future [38]. For ovarian cancer, it has recently be proposed that all patients with
invasive epithelial ovarian, Fallopian tube, or peritoneal cancer, should be referred for
BRCA genetic testing, irrespective of age or family history [39–42], as 20% harbours a
BRCA1/2 mutation (about 15% germline and 5% somatic mutations) [37, 39]. In breast
cancer, the baseline risk of having a BRCA1/2 mutation is lower with 11% of breast cancer
patients having a BRCA1/2 mutation (7% germline, 3% somatic) [43, 44]. Currently,
BRCA1/2 population-based genetic screening is not cost-effective in the general
population or high-risk groups based upon family history, except among Ashkenazi
Jews [45]. This leaves room for pre-screening tools such as immunohistochemistry.
Moreover, the proportion of variants of unknown significance will likely increase with
standard BRCA sequencing, yielding ethical challenges with respect to counselling and
decision-making for clinicians and patients [46–48].
With respect to the second ethical focus of this thesis, it will be likely that (large-scale)
DNA sequencing will increasingly take place in (breast) cancer research and clinical
care. In general, careful evaluation of the benefits and harms of BRCA1/2 mutation
analysis is necessary for its consequences and influence on the well-being of breast
cancer patients [24, 49–52]. Previous research has shown that breast cancer patients
are willing to undergo genetic counseling and testing before surgery [49]. Moreover,
patients have a low threshold in undergoing prophylactic surgeries to avoid potential
future cancer [51]. However, it is important to realize that there are some breast cancer
patients who over-estimate their cancer risk, experience increased distress, and may
undergo unnecessary surgeries. Differences in risk perception and levels of distress have
been shown between women affected and unaffected with breast cancer and women
with and without a positive family history [50, 51]. Genetic counseling should take
these differences into account to be able to adequately support and guide women.
As shown in Chapter 7, genomics researchers not only need to have technical skills,
but also have moral duties toward their research and colleagues, research participants,
and society in general. Further research is needed on the best ways to educate today’s
and future scientists and create awareness for identifying and balancing moral duties.
In Chapter 8, we described the emergence of molecular pathology and the ethical
issues associated with it. Further research is needed on how pathologists could learn
to identify and deal with ethical issues and how to adequately act as educators of
clinicians and patients about the benefits, risks, and limitations of DNA sequencing, so
that clinicians and patients are able to make properly informed decisions concerning
individual cancer therapy. For instance, interdisciplinary courses and collaborations
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that bring together (bio)medical and ethics students and professionals should be
encouraged to stimulate interdisciplinarity and ethical parallel research. The humanities
should become a standard part of (bio)medical training. Also, it would be desirable that
scientific (bio)medical journals have attention for ethical studies and that (bio)medical
funding systems are aware of the value of ethical parallel research and provide support.
Moreover, pathology should actively engage in interdisciplinary collaborations. For
example, interdisciplinary symposiums and other meetings would be useful, where
health care professionals, scientists, ethicists, policy makers, but also patients could
meet to discuss issues like consent, disclosure, and ‘hunting’ (i.e. actively searching)
for potential hereditary diseases in molecular pathology. Traditionally, pathologists
have no direct patient contact. However, in the era of molecular pathology, patient
interaction is desirable to become aware of patients’ ideas and preferences on abovementioned matters to come to a broadly accepted policy, so perhaps pathologists should
start to participate in multidisciplinary outpatient clinics, or even open up their own
outpatient clinic. There are exhilarating times ahead for molecular pathology as it is
expected that tumor DNA analysis will become important for more and more tumor
types and will involve an increasing number of genes. The risk of detecting potential
clinically significant unsolicited findings will thereby increase. Also, techniques like
liquid biopsies and organoid technology, which are currently only available in research
settings, may enter clinical cancer care in the future and bring along unique challenges
and ethical issues [53, 54]. This makes the awareness of ethical issues by pathologists
and being capable of dealing with them adequately even more important in the future.
To conclude, this thesis shows that there are indications that pathology could play a
role in the early detection of BRCA1/2 germline mutation carriers among breast cancer
patients. Several tissue biomarkers (immunohistochemistry, BRCA methylation,
miRNAs) may be useful in distinguishing BRCA1/2 germline mutation-related from
sporadic breast carcinomas, independent from clinical factors. However, further
validation and determination of the best (combination of) technique(s) as well as the
exact target population are needed. Technical advances alone are however not enough
for the (responsible) advancement of personalized cancer care. It calls for an active
role of researchers and pathologists, who should be aware of their moral duties and
responsibilities with respect to participants, patients and society.
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INTRODUCTIE
Borstkanker is de meest voorkomende vorm van kanker bij vrouwen. Ongeveer één op
de acht vrouwen in de Westerse wereld krijgt in haar leven borstkanker. Een familiaire
belasting is één van de grootste risicofactoren. In 5-10% van de gevallen betreft het
erfelijke borstkanker, meestal als gevolg van een kiembaanmutatie in de genen
BRCA1 of BRCA2. Het opsporen van potentiële BRCA1/2 kiembaanmutatiedraagsters
is belangrijk, omdat deze vrouwen een kans hebben van 50-60% om in hun leven
borstkanker te ontwikkelen en 6-39% om eierstokkanker te ontwikkelen. Het hebben
van een BRCA1/2 kiembaanmutatie heeft belangrijke preventieve en ook steeds meer
therapeutische consequenties. Wat betreft preventie kan gedacht worden aan chirurgie
waarbij borsten en eierstokken preventief worden verwijderd of surveillance door middel
van mammografie of MRI. Wat betreft behandeling wordt er vaker gekozen voor een
borstamputatie dan voor een borstsparende behandeling. Daarnaast heeft een BRCA1/2
kiembaanmutatie steeds meer consequenties voor aanvullende systeemtherapie (andere
chemotherapieschema’s of gebruik van PARP remmers).
Op dit moment komen borstkankerpatiënten in aanmerking voor genetisch onderzoek
op basis van met name klinische criteria, bijvoorbeeld wanneer er sprake is van een
jonge patiënt, aanwezigheid van dubbelzijdige borstkanker, of het familiair voorkomen
van borst- en ovariumkanker of andere BRCA1/2-gerelateerde tumoren (Hoofdstuk 1).
Deze criteria zijn echter niet optimaal, aangezien is voorspeld dat 5% tot 25% van de
BRCA1/2-mutatiedraagsters wordt gemist. Dit kan onder andere worden verklaard
uit het feit dat families kleiner worden, dat sommige patiënten al wat ouder zijn bij
diagnose en dat de mutaties ook kunnen worden overgeërfd via mannen die minder
vaak borstkanker ontwikkelen.

DIT PROEFSCHRIFT: EEN ZOEKTOCHT NAAR
WEEFSELBIOMARKERS VOOR BRCA1/2-GERELATEERDE
BORSTKANKER
De centrale vraag van dit proefschrift was: in hoeverre kan de klinische pathologie
een rol spelen bij de vroegopsporing van BRCA1/2-kiembaanmutatiedraagsters onder
borstkankerpatiënten? Meer specifiek: welke weefselbiomarkers zouden gebruikt kunnen
worden bij het identificeren van potentiële BRCA1/2-kiembaanmutatiedraagsters?
Het doel van dit proefschrift was dan ook om specifieke BRCA1/2-gerelateerde
tumorkarakteristieken met betrekking tot eiwitexpressie of moleculaire afwijkingen in
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het DNA te identificeren die gebruikt zouden kunnen worden voor het opsporen van
BRCA1/2-gerelateerde borstkanker op het moment van reguliere pathologiediagnostiek
(Deel 1 van dit proefschrift). Op basis van die tumorkarakteristieken zou dan een
inschatting gemaakt kunnen worden of een patiënt zou moeten worden doorverwezen
naar de klinische genetica voor aanvullend genetisch onderzoek. Onze hypothese was
dat specifieke BRCA1/2-gerelateerde tumorkarakteristieken geïdentificeerd kunnen
worden, omdat deze tumoren gekenmerkt worden door een defect herstelmechanisme
van DNA-dubbelstrengsbreuken (homologe recombinatie) met genomische instabiliteit
tot gevolg. Eerdere studies hebben al morfologische, immuunhistochemische en
moleculaire verschillen aangetoond tussen BRCA1/2-gerelateerde en sporadische
borstkanker (Hoofdstuk 2). Weinig studies hebben echter geprobeerd deze te vertalen
naar een klinisch toepasbare test, met name als het gaat om BRCA2-gerelateerde
borstkanker. Overigens moet opgemerkt worden dat sporadische borsttumoren ook
tekenen van een BRCA-deficiëntie kunnen tonen, als gevolg van andere mechanismen
dan een BRCA kiembaanmutatie, bijvoorbeeld door BRCA somatische mutaties ontstaan
in de tumor of epigenetische BRCA veranderingen, zoals methylering.
De technologische mogelijkheden voor het analyseren van tumorweefsel zijn enorm
uitgebreid in de afgelopen jaren. Een van de grootste ontwikkelingen betreft het
gebruik van grootschalige DNA sequentieanalyse in het kankeronderzoek als ook in
de reguliere pathologiediagnostiek. Dit heeft zelfs geleid tot een nieuw subspecialisme:
de moleculaire pathologie. Deze technologische ontwikkelingen brengen ook (nieuwe)
morele verantwoordelijkheden met zich mee voor zowel biomedische onderzoekers als
pathologen, omdat ze grote hoeveelheden potentieel privacygevoelige data opleveren.
Ethische reflectie en discussie hierover lopen echter achter. Tijdens het werken aan
dit proefschrift realiseerde ik me dat voor een verantwoorde vooruitgang van het
kankeronderzoek en de zorg voor kankerpatiënten aan bepaalde ethische vereisten
moet worden voldaan, zodat onder andere de autonomie van proefpersonen en
patiënten en transparantie worden gewaarborgd. Derhalve besloot ik om ook een
aantal ‘gen-ethische’ aspecten van het doen van biomedisch (kanker)onderzoek en
van de moderne (moleculaire) pathologiepraktijk in dit proefschrift mee te nemen
(Deel 2 van dit proefschrift). Hierbij waren de onderzoeksvragen als volgt: met welke
(nieuwe) morele verantwoordelijkheden worden kankeronderzoekers geconfronteerd
als zij grootschalige DNA sequentieanalysetechnieken gebruiken? En hoe kunnen ze
daar adequaat mee omgaan? Welke ethische aspecten moeten worden overwogen bij de
opkomst van de moleculaire pathologie? En hoe moet daarmee worden omgaan voor
een verantwoorde ontwikkeling van ‘personalized cancer care’?
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DEEL 1: IMMUUNHISTOCHEMISCHE EN MOLECULAIRE
ASPECTEN
In Hoofdstuk 3 hebben we de grootste immunoprofiling studie in BRCA1/2-geassocierde
borstkanker verricht tot nu toe. Hierbij werd gekeken naar verschillen in morfologische
kenmerken en met name eiwitexpressie tussen BRCA1/2-gerelateerde en sporadische
borsttumoren. Eiwitexpressie werd onderzocht door middel van immuunhistochemie,
een techniek die in principe beschikbaar is in alle pathologielaboratoria. Hieruit
hebben we een veelbelovend, accuraat predictiemodel kunnen ontwikkelen om
BRCA1/2-gerelateerde borstkanker te kunnen identificeren. Dit predictiemodel bestaat
uit 14 predictoren (leeftijd, mitotische activiteitsindex, en expressie van de eiwitten
cyclineD1, ERα, ERβ, FGFR2, FGFR3, FGFR4, GLUT1, IGFR, Ki67, MLH1, p120
en TOP2A), dat zeer goed onderscheid kan maken tussen BRCA1/2-gerelateerde en
sporadische borsttumoren (AUC = 0.943 (95%CI: 0.909-0.978)), waarbij de voorspelde
en daadwerkelijke kansen redelijk goed overeenkomen. Van enkele eiwitten in het
model is bekend van andere publicaties dat deze verschillend tot expressie komen
tussen BRCA1/2-gerelateerde en sporadische borstkanker. De nauwkeurigheid van
ons model lijkt beter dan de huidige gepubliceerde predictiemodellen gebaseerd op
klinische, morfologische en/of immuunhistochemische kenmerken en vergelijkbaar
met moleculaire predictiemodellen. Ons predictiemodel, dat nagenoeg onafhankelijk
is van klinische variabelen, zou derhalve kunnen bijdragen aan het identificeren
van borstkankerpatiënten met een hoog risico op een onderliggende BRCA1/2
kiembaanmutatie. Dit model zou bijvoorbeeld kunnen dienen als screeningstest voor
kiembaanmutatieanalyse. Voordat het model in de klinische praktijk geïmplementeerd
kan worden, dient echter nog aanvullend onderzoek verricht te worden. Zo moet de
reproduceerbaarheid van het beoordelen van de immuunhistochemische kleuringen
tussen verschillende pathologen worden onderzocht en is nog externe validatie nodig
om de generaliseerbaarheid van het model te testen. Ook zal verder onderzoek gewenst
zijn om te kijken voor welke groep patiënten het gebruik van dit predictiemodel het
meest waardevol is, gezien het feit dat er extra kosten mee gemoeid zijn.
In Hoofdstuk 4 hebben we gekeken naar de diagnostische waarde van BRCA1/2
promoter methylering voor het onderscheiden van BRCA1/2-gerelateerde en
sporadische borsttumoren. DNA-methylering is een epigenetisch proces waarbij een
methylgroep aan een histoneiwit van het DNA wordt toegevoegd. Dit gebeurt met
name in zogenaamde CpG-gebieden. DNA-methylering speelt een belangrijke rol bij de
ontwikkeling van meerdere vormen van kanker, waaronder borstkanker, omdat het een
remmend effect heeft op genexpressie van o.a. tumorsuppressorgenen. In de literatuur
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is gesuggereerd dat BRCA1/2 methylering nagenoeg alleen voorkomt in sporadische
borsttumoren, waardoor BRCA1/2 methyleringsanalyse potentieel gebruikt zou
kunnen als screeningstest voor BRCA1/2-kiembaanmutatieanalyse. Dit is echter nog
niet uitgebreid onderzocht. Wij hebben BRCA1/2 methylering bepaald in BRCA1/2gerelateerde en sporadische borsttumoren middels een nieuw ontwikkelde MS-MLPA
(Methylation-Specific Multiplex Ligation-dependent Probe Amplification) assay. Dit
is een snelle en relatief goedkope techniek die goed werkt op formaline-gefixeerd
weefselmateriaal en is derhalve goed toepasbaar in de dagelijkse pathologiepraktijk. Wij
ontdekten dat BRCA methyleringsfrequenties sterk verschillen tussen CpG gebieden. De
diagnostische waarde van BRCA1/2 methyleringsanalyse is daardoor sterk afhankelijk
van de keuze van CpG gebieden. Sommige CgP gebieden waren zelden gemethyleerd
in sporadische tumoren terwijl andere gebieden juist zelden gemethyleerd waren in
erfelijke tumoren. De sensitiviteit en specificiteit waren het meest met elkaar in balans
wanneer alle BRCA2 CpG gebieden in deze assay werden gebruikt en wanneer er sprake
was van methylering van tenminste één van deze CpG gebieden (sensitiviteit 69.4%,
specificiteit 87.5%). In totaal toonde tenminste 63.8% van de BRCA1/2-gerelateerde
tumoren methylering van tenminste één van de onderzochte CpG gebieden in de
BRCA1 of BRCA2 promoter. Derhalve ondersteunen onze resultaten niet de eerdere
aanname dat BRCA promoter methylering zelden voorkomt in BRCA-gerelateerde
borsttumoren. Voor zover wij weten is dit de grootste studie die zowel BRCA1 als BRCA2
methylering heeft onderzocht in zowel BRCA1- als BRCA2-gerelateerde en sporadische
borsttumoren. Onze resultaten zijn belangrijk voor een adequate toepassing van BRCA
methyleringsanalyse als screening voor BRCA mutatieanalyse. Nader onderzoek is
nodig ter verificatie en om te bepalen welke eventuele andere CpG gebieden in de
BRCA1 en BRCA2 promoter belangrijk kunnen zijn in het onderscheiden van BRCA1/2gerelateerde en sporadische borsttumoren.
Omdat onze methyleringsfrequenties verschilden van eerder gepubliceerde studies,
hebben we in Hoofdstuk 5 de eerste systematische review uitgevoerd waarbij is gekeken
naar hoe vaak BRCA promoter methylering nu precies is aangetoond in borst- en
ovariumtumoren van BRCA1/2 kiembaanmutatiedraagsters en wat de diagnostische
waarde zou zijn als BRCA methyleringsanalyse gebruikt zou worden om onderscheid
te maken tussen BRCA1/2-gerelateerde en sporadische tumoren. We hebben daarbij
ook gekeken welke CpG gebieden zijn onderzocht in de verschillende studies. In totaal
voldeden er 21 studies aan de inclusiecriteria voor onze review. Deze studies toonden aan
dat BRCA methylering in het algemeen zeer weinig voorkomt in BRCA1/2-gerelateerde
borst- en ovariumtumoren. BRCA1 methylering werd aangetoond in tenminste 3.6%
van de borst- en 1.1% van de ovariumtumoren. BRCA2 methylering werd aangetoond
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in tenminste 5.3% van de borst- en 0.0% van de ovariumtumoren. In het algemeen
zou, als methyleringsanalyse werd uitgevoerd om een BRCA kiembaanmutatie uit
te sluiten wanneer methylering wordt aangetroffen, de sensitiviteit maximaal 100%
zijn, maar de specificiteit hooguit 23.1%. Hierbij is er vergeleken met beschikbare
data in sporadische tumoren. Echter, er moet worden opgemerkt dat de studies grote
verschillen toonden in methodologie, kwaliteit en risico op bias. Verder werd er in het
algemeen een beperkte methylering- en incomplete mutatieanalyse verricht. Derhalve
kan het zo zijn dat de frequentie van BRCA1/2 methylering in BRCA1/2-gerelateerde
tumoren onderschat wordt met potentieel grote klinische consequenties. Daarnaast is
gebleken dat de methyleringsfrequentie varieert tussen CpG gebieden. Op dit moment
is nog onduidelijk welke CpG gebieden de hoogste diagnostische waarde hebben in het
onderscheiden van BRCA1/2-gerelateerde en sporadische tumoren.
In Hoofdstuk 6 hebben we een miRNA profiling studie verricht om te onderzoeken welke
miRNAs gedereguleerd zijn in BRCA1/2-gerelateerde borstkanker om meer inzicht te
krijgen in BRCA1/2-gerelateerde carcinogenese en mogelijke diagnostische biomarkers
of therapeutische targets te kunnen identificeren. miRNAs zijn korte RNA moleculen
die invloed hebben op genexpressie. Als miRNAs binden aan mRNA moleculen wordt
het aflezen van het mRNA tegengehouden en daarmee wordt genexpressie geremd.
Hoewel er meerdere studies zijn gedaan naar miRNA deregulatie in sporadische
borstkanker, was er nog weinig bekend over miRNA deregulatie in erfelijke borstkanker.
miRNA biomarkers zouden vrij gemakkelijk in de pathologiepraktijk geïmplementeerd
kunnen worden, omdat ze vrij resistent zijn tegen het degradatieproces veroorzaakt
door formalinefixatie. We ontdekten dat er veel meer miRNAs verschillend tot expressie
komen tussen borstkanker- en normale borstweefsels van BRCA1/2 mutatiedraagsters,
vergeleken met beschikbare data over sporadische tumoren. Dit zou mogelijk te maken
kunnen hebben met de genomische instabiliteit in BRCA1/2-gerelateerde borsttumoren.
We vonden echter ook meerdere miRNAs die zowel gedereguleerd zijn in BRCA1/2gerelateerde als sporadische borstkanker. Meer onderzoek is nodig om onze resultaten
te verifiëren en om te kijken of de dereguleerde miRNAs ook gebruikt kunnen worden
als nieuwe aangrijpingspunten voor diagnostiek of therapie.
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DEEL 2: ‘GEN-ETHISCHE’ ASPECTEN
In deel 2 van dit proefschrift hebben we de ‘gen-ethische’ aspecten van het doen van
biomedisch (kanker)onderzoek en van de moderne (moleculaire) pathologiepraktijk
onderzocht, als een reflectieve aanvulling op het biomedische onderzoek uit het eerste
deel. Zoals eerder beschreven wordt het huidige kankeronderzoek en de huidige
kankerdiagnostiek steeds meer gekenmerkt door het gebruik van grootschalig genetisch
onderzoek met behulp van next-generation sequencing. Deze geavanceerde technieken
kunnen ook steeds meer worden toegepast op formaline-gefixeerd restmateriaal.
Restmateriaal vormt een rijke bron van samples voor biomedisch (kanker)onderzoek.
De ontwikkelingen in DNA sequentieanalysetechnieken, bioinformatica en het opslaan
en delen van weefsels en data hebben geleid tot een beter begrip van het ontstaan
van kanker en dragen in toenemende mate bij aan de ontwikkeling van personalized
cancer care en precision medicine. Hierbij wordt de behandeling van kanker gebaseerd
op specifieke genetische afwijkingen in de tumor van de patiënt. Aan de andere kant
zorgen deze ontwikkelingen ook voor (nieuwe) morele verantwoordelijkheden en
dilemma’s voor onderzoekers en pathologen. In het erfelijke borstkankeronderzoek
is er bijvoorbeeld discussie in hoeverre en onder welke voorwaarden er BRCA
mutatieanalyse mag worden verricht op restmateriaal. Hoe kunnen de nieuwe, krachtige
onderzoeksmethoden zodanig worden ingezet dat ze bijdragen aan een verantwoorde
ontwikkeling van personalized cancer care?
In Hoofdstuk 7 hebben we geanalyseerd welke morele verantwoordelijkheden de
afgelopen jaren in de internationale literatuur zijn toegeschreven aan onderzoekers
die gebruik van maken grootschalige DNA analysetechnieken (genomisch
onderzoekers). We hebben in kaart gebracht dat een steeds breder palet aan
morele verantwoordelijkheden aan onderzoekers wordt toegeschreven, gerelateerd
aan terugkoppeling van resultaten, toestemming, privacy en maatschappelijke
verantwoordelijkheden. De implementatie van deze morele verantwoordelijkheden in
de onderzoekspraktijk loopt echter achter. Dit heeft deels te maken met de contexten tijdsafhankelijkheid van morele verantwoordelijkheden. (Conflicterende) morele
verantwoordelijkheden vereisen afweging en specificatie in een specifieke context. We
menen dat ethisch bewustzijn bij onderzoekers de sleutel is tot implementatie in de
onderzoekspraktijk, om morele verantwoordelijkheden te identificeren en ze ook tot op
zekere hoogte te kunnen afwegen tegen elkaar. Deze vaardigheden zijn anders dan de
traditionele technisch-wetenschappelijke vaardigheden en zullen tijdens de opleiding
van onderzoekers moeten worden ontwikkeld. Genomisch onderzoek vraagt meer van
zowel onderzoekers als proefpersonen. Om een voldoende aantal proefpersonen te
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verkrijgen voor een wetenschappelijk onderzoek van wie meer wordt gevraagd onder
andere wat betreft privacy, moet het biomedische onderzoek tot op zekere hoogte aan hun
behoeftes tegemoetkomen (bijvoorbeeld het terugkoppelen van onderzoeksresultaten)
en maatschappelijk vertrouwen in de wetenschap waarborgen.
In Hoofdstuk 8 hebben we geanalyseerd welke ethische aspecten overwogen moeten
worden bij de opkomst van de moleculaire pathologie. Moleculaire pathologie wordt een
steeds belangrijker specialisme in de oncologie, omdat moleculaire tumorkarakteristieken
toenemend bepalend zijn voor de behandeling. Hierdoor verandert ook de rol van
de patholoog in de zorg, welke niet meer alleen de diagnostiek omvat, maar ook
steeds meer betrekking heeft op het behandelbeleid. De opkomst van de moleculaire
pathologie is mogelijk gemaakt door grote technologische ontwikkelingen in de DNA
sequentieanalyse. Aandacht voor de ethische aspecten van de moleculaire pathologie
blijven echter achter. Zo zijn de meeste richtlijnen of publicaties over ethische aspecten
van DNA sequentieanalyse gericht op kiembaanmutatieanalyse in de klinische genetica
of tumor DNA sequentieanalyse in de context van biomedisch onderzoek. Wij laten zien
dat ethische aspecten aanwezig zijn in elke fase van het moleculaire pathologieproces.
Dit begint bij de aanvraag en loopt door nadat de uitslagen zijn teruggekoppeld, met
ethische aandachtspunten gerelateerd aan data-opslag en nader gebruik van genetische
data voor onderzoek. Richtlijnen uit aanverwante vakgebieden kunnen als uitgangspunt
dienen voor de omgang met deze ethische aspecten. Ze kunnen echter niet zo maar
direct worden overgenomen, omdat de moleculaire pathologiecontext uniek en complex
is, onder andere omdat pathologen niet direct patiëntencontact hebben. Dit geeft
specifieke uitdagingen voor bijvoorbeeld de implementatie van informed consent en
de terugkoppeling van nevenbevindingen (zoals mogelijke BRCA kiembaanmutaties).
Voor een goede en verantwoorde ontwikkeling van de kankerzorg, willen wij pathologen
aanmoedigen om verantwoordelijkheid te nemen voor het adequaat gebruik van
moleculaire analyses en zich bewust te zijn van en om te kunnen gaan met de diverse,
complexe en uitdagende aspecten van tumor DNA sequentieanalyse, inclusief de
ethische aspecten ervan.

TOEKOMSTPERSPECTIEF
Het onderzoek beschreven in dit proefschrift was gericht op 1) de potentiële rol van
weefselbiomarkers in het voorspellen of een borsttumor gerelateerd kan zijn aan een
BRCA1/2-kiembaanmutatie en 2) de ethische aandachtspunten waarmee rekening
gehouden moet worden voor een verantwoorde ontwikkeling van het kankeronderzoek
en de zorg voor patiënten met kanker in de moleculaire pathologiepraktijk.
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Met betrekking tot het onderzoek in het eerste deel van het proefschrift is zoals
hierboven ook al beschreven verdere validatie van de biomarkers in het algemeen
wenselijk om onder andere hun reproduceerbaarheid te controleren en om te bepalen
voor welke borstkankerpatiënten het gebruik van deze biomarkers het meest waardevol
en (kosten)effectief is. Ook is het interessant om hierbij de waarde van combinaties
van weefselbiomarkers te onderzoeken. De verwachting is dat het in de toekomst
steeds belangrijker wordt om BRCA1/2 mutaties te analyseren, niet alleen vanwege het
erfelijke aspect, maar omdat het in toenemende mate ook therapeutische consequenties
heeft voor bijvoorbeeld chemotherapie en behandeling met PARP remmers. Ook wordt
het voor de behandeling steeds belangrijker om BRCA1/2 afwijkingen anders dan
kiembaanmutaties te detecteren, zoals BRCA1/2 methylering. Er is aangetoond dat
borsttumoren met BRCA1 methylering goed reageren op PARP inhibitietherapie. Het
is echter nog onduidelijk welke CpG gebieden belangrijk zijn bij het voorspellen van de
respons op PARP inhibitietherapie. Dit zouden andere CpG gebieden kunnen zijn dan
degene die BRCA1/2 kiembaanmutatie-gerelateerde van sporadische tumoren kunnen
onderscheiden. Vervolgonderzoek is nodig welke CpG gebieden het belangrijkst zijn
voor deze twee verschillende toepassingen.
Waarschijnlijk gaat er nog meer gebruik worden gemaakt van (grootschalig) DNAonderzoek in het (borstkanker)onderzoek en de zorg. Het wordt steeds gemakkelijker
en goedkoper om DNA sequentieanalyseonderzoek te verrichten, waardoor patiënten
met borstkanker wellicht in de toekomst standaard (BRCA1/2) mutatieanalyse zouden
kunnen ondergaan. Op dit moment is dit nog niet kosteneffectief, waardoor er nog
ruimte is voor pre-screeningstechnieken als immuunhistochemie of methylering,
zoals beschreven in het eerste deel van het proefschrift. Hoe dan ook is zorgvuldige
evaluatie van de voordelen en nadelen van BRCA1/2 mutatieanalyse noodzakelijk voor
de potentiële consequenties op het welzijn van borstkankerpatiënten. Eerder onderzoek
heeft aangetoond dat borstkankerpatiënten erg bereid zijn om genetische counseling en
onderzoek te ondergaan en dat zij laagdrempelig kiezen voor prophylactische chirurgie.
Het is echter belangrijk te realiseren dat sommige patiënten hun risico op borstkanker
overschatten met veel psychologische gevolgen. Het is belangrijk om hiermee rekening
te houden bij de counseling om patiënten zo goed mogelijk te kunnen begeleiden.
Uit ons onderzoek in het tweede deel van het proefschrift blijkt dat genomisch
onderzoekers niet alleen technische vaardigheden moeten hebben, maar ook morele
verantwoordelijkheden hebben jegens hun onderzoek, collega’s, proefpersonen en de
maatschappij in het algemeen. Verder onderzoek is nodig om te bepalen wat de beste
manieren zijn om de wetenschappers van vandaag en de toekomst hiervan bewust
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te maken en hen te leren hoe zij morele verantwoordelijkheden kunnen balanceren.
Daarnaast blijkt uit ons onderzoek dat de opkomst van de moleculaire pathologie ook
gepaard gaat met meerdere ethische kwesties. Verder onderzoek is nodig hoe pathologen
het beste opgeleid kunnen worden zodat ze dergelijke ethische aspecten kunnen
herkennen en ermee om kunnen gaan. Ook moet gekeken worden hoe pathologen andere
clinici en patiënten het beste kunnen voorlichten over voordelen, risico’s en beperkingen
van tumor DNA analyse, zodat clinici en patiënten goede, geïnformeerde beslissingen
kunnen nemen over tumor DNA diagnostiek. Hierbij is het belangrijk een overvloed
aan informatie en onnodige onrust over de mogelijke risico’s te voorkomen. Voor het
bovenstaande zouden interdisciplinaire cursussen en andere initiatieven die (bio)
medische en ethische studenten en professionals samenbrengen gestimuleerd moeten
worden. Dergelijke initiatieven dragen bij aan interdisciplinariteit, wederzijds begrip en
kunnen ethisch parallel onderzoek stimuleren. Biomedische ethiek zou een standaard
onderdeel moeten worden de opleiding van (bio)medici (hetgeen in de Nederlanse
curricula inmiddels vaak het geval is). Ook zou het wenselijk zijn als (bio)medische
wetenschappelijke tijdschriften aandacht hebben voor ethische studies en dat fondsen de
waarde inzien van ethisch onderzoek en dit ook financieel ondersteunen. Daarnaast zou
de pathologie actief moeten deelnemen aan interdisciplinaire samenwerkingsverbanden
en initiatieven, zoals symposia waar artsen, wetenschappers, ethici, beleidsmakers en
patiënten samenkomen om over zaken als consent en terugkoppeling te discussiëren.
Van oudsher hebben pathologen geen direct patiëntencontact. Echter, in het tijdperk
van de moleculaire pathologie is interactie met patiënten wenselijk om kennis te kunnen
nemen van hun ideeën en voorkeuren over bovenstaande kwesties. Zeker met de
verwachting dat genetische analyses steeds grootschaliger worden met een grotere kans
op nevenbevindingen is het belangrijk om ook van het patiëntenperspectief bewust te
zijn. Er zijn spannende tijden in het vooruitzicht voor de (moleculaire) pathologie met
al deze nieuwe te verwachten technologische mogelijkheden. Dit maakt het bewust zijn
van ethische aspecten door pathologen en met ethische kwesties kunnen omgaan nog
belangrijker.

CONCLUSIE
Samenvattend toont dit proefschrift aan dat de pathologie een rol kan spelen in de
opsporing van BRCA1/2 kiembaanmutatiedraagsters onder borstkankerpatiënten.
Meerdere weefselbiomarkers (op basis van eiwitexpressie, BRCA methylering en
miRNA expressie) kunnen daarbij nuttig zijn, die tot op zekere hoogte onderscheid
kunnen maken tussen BRCA1/2-gerelateerde en sporadische borstkanker, onafhankelijk
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van klinische variabelen. Echter, verdere (externe) validatie en bepaling van de beste
(combinatie van) techniek(en) zijn noodzakelijk voor implementatie in de medische
praktijk. Daarnaast zijn technologische ontwikkelingen alleen niet voldoende voor
een verantwoorde ontwikkeling van personalized cancer care. Tegelijkertijd moeten
onderzoekers en pathologen zich bewust zijn van hun morele verantwoordelijkheden
richting de proefsersonen/patiënten en de maatschappij als geheel.

10
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GLOSSARY
Actionability

Refers to the ability that the genetic variant can be acted
upon.

Analytic validity

Refers to the accuracy of the research finding.

Autonomy

An individual’s right to self-determination.

Basal-like breast cancer

Breast cancer with high expression of basal cytokeratins
and associated genes, and low or no expression of ER, PR
and HER2.

Beneficence

Performing an action for the benefit of others. Beneficence
performing an action for the benefit of others.

BRCAX

Familial breast cancer with a still unknown genetic
aberration.

Clinical/reproductive
significance

Refers to what extent the genetic variant has clinical or
reproductive implications; for example, with respect to
treatment or screening.

Clinical utility

Indicates to what extent the genetic variant has clinical
implications (e.g. interventions) to change health
outcome.

Clinical validity

Refers to the existence of a causal relation between the
genetic variant with pathology/clinical outcome.

Confidentiality

The right of an individual to have personal, identifiable
health information kept private.

Equity

The concept of social justice or fairness.

Ethics

The scholarly discipline that studies and examines
morality; for example, by analyzing what to do when
certain moral principles are in conflict with each other.

Familial cancer

Family history of one or more first or second-degree
relatives with breast cancer that does not fit the more
stringent definition of hereditary breast cancer.

Hereditary cancer

Families with multiple cancers that fit Mendelian patterns
of inheritance (i.e. dominant, recessive, X-linked).
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High-throughput
sequencing

Sequencing technology that allows sequencing massive
amounts of DNA or RNA at once by multiple parallel
sequencing reactions (i.e. massively parallel sequencing).

Luminal type breast
cancer

Breast cancer with high expression of hormone receptors
and associated genes, of which some overexpress HER2.

Molecular pathology

The subdiscipline within pathology that analyzes
molecular alterations in (diseased) tissues; for example,
by performing DNA sequencing to analyze somatic
mutations in tumors.

Morality

Refers to norms about right and wrong human conduct.

Next-generation
sequencing

Synonym of high-throughput sequencing.

Non-maleficence

The ethical principle of to ‘do no harm’.

Penetrance

he probability that a particular phenotype/disease is
expressed in an individual with a particular genotype.

Personal utility

Indicates to what extent the genetic variant has
implications for someone’s personal life, irrespective of
medical significance.

Personalized or
precision medicine

Individualized approach to disease treatment and
prevention. In the case of cancer, the patient is treated
according to specific genetic alterations which have been
detected in the tumor. For this, predictive biomarkers that
can predict therapeutic sensitivity are required.

Reciprocity

Performing actions with others for mutual benefit or
giving back to others for some benefit received.

Triple-negative breast
cancer

Breast cancer negative for ER, PR and HER2.

Unsolicited findings

Findings not related to the primary clinical or research
question, also known as incidental or secondary findings.

Whole-exome sequencing Technology which sequences all coding regions of the
genome (i.e., the exome).
Whole-genome
sequencing

Technology which sequences the entire genetic code (i.e.,
the genome).
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LIST OF ABBREVIATIONS
BRCA1/2

BRCA1 and BRCA2

BRCA1/2-N

Normal breast tissues from BRCA1 and BRCA2 germline
mutation carriers

BRCA1/2-related

Related to a BRCA1 or BRCA2 germline mutation

BRCA1-C

Breast carcinomas from BRCA1 germline mutation carriers

BRCA1-N

Normal breast tissues from BRCA1 germline mutation
carriers

BRCA2-C

Breast carcinomas from BRCA2 germline mutation carriers

BRCA2-N

Normal breast tissues from BRCA2 germline mutation
carriers

CMI

Cumulative methylation index

CpG

Cytosine phosphate guanine

ECM

Extracellular matrix

ER

Estrogen receptor

FC

Fold change

FDR

False Discovery Rate

FFPE

Formalin-fixed paraffin-embedded

Healthy-N

Normal breast tissues from non-mutation carriers

HER2

Human Epidermal Growth Factor Receptor 2

IPA

Ingenuity Pathway Analysis

MS-MLPA

Methylation-Specific Multiplex Ligation-dependent Probe
Amplification

Non-BRCA-related-N

Normal breast tissues from patients not known with a
BRCA1 or BRCA2 germline mutation

PARP

Poly (ADP ribose) polymerase

PR

Progesterone receptor

Sporadic-C

Sporadic breast carcinomas
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te kijken en bruggen te bouwen. Erik, ik ben een trotse zus, omdat jij je passie hebt
gevolgd en voor de kunst hebt gekozen. Waar ik ‘passief ’ elke dag naar mooie beelden
kijk, creëer jij ze zelf! Ik vind het ontzettend gaaf dat jij de cover van mijn proefschrift
wilde ontwerpen, ontzettend bedankt daarvoor! Ik wens je heel veel creativiteit en geluk
toe! Wibo, Marion, Maudy, Mariska, Nico, Vince, Luuk, Boris, Mees, Laurens en Lisa,
wat een geluk dat ik jullie er in de loop der jaren als schoonfamilie bij heb gekregen!
Dank voor jullie gezelligheid, liefde, hulp, en grote en kleinere uitstapjes!
Lieve lieve Chris, ‘huisgenoot C.’, dat wij samen zijn, is het beste wat me is overkomen.
Dank voor al je steun, de ruimte die je me biedt, je computerkunsten (waardoor je me
heel wat tijd hebt bespaard in mijn onderzoek), je perfecte kopjes koffie soms vergezeld
van een zelfgebakken taartje, de avonturen die je met mij bent aangegaan, en alle liefde
die je me geeft. Dat ik dit promotieonderzoek naast mijn opleiding heb kunnen doen
is voor een groot deel aan jouw steun te danken. Na 9 jaar dolgelukkig met z’n tweetjes
samen te zijn geweest, kwam daar vorig jaar ons lieve zoontje Tobias bij! Tobias, de
liefde die ik voor jou als moeder voel is zo warm, zo overweldigend en zo onbeschrijflijk
mooi. Het is heerlijk om niet alleen in wetenschappelijke zin de wereld te proberen
beter te begrijpen, maar om ook samen met jou, door jouw ogen en met jouw steeds
weer nieuwe ‘superkrachten’, de wereld opnieuw te kunnen ontdekken. Jouw natuurlijke
nieuwsgierigheid en open, onbevooroordeelde blik op de wereld inspireren me enorm.
Zoals Albert Einstein ooit al zei: "Play is the highest form of research". Met een warm
gevoel denk ik aan onze toekomst met elkaar!
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“I am made and remade continually.
Different people draw different words from me.”
Virginia Woolf, The Waves, 1931

