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General introduction

In the Netherlands approximately 14,000 women per year are diagnosed with invasive
breast cancer. That means that about 1 in 8 women will develop breast cancer at some
pointin their lives. In the Netherlands, around 3,000 women die as a consequence of breast
cancer annually (www.rivm.nl, accessed March 2017). According to the American cancer
society in 2017 nearly 252,710 new cases of invasive breast cancer will be diagnosed in
women and almost 40,610 women will die as a consequence of breast cancer (www.cancer.
org, American Cancer Society: Cancer Facts and Figures 2017, accessed March 2017).
Worldwide is breast cancer the most common cancer in women. Nearly 1.7 million new
cases were diagnosed in 2012 (http://www.wcrf.org/int/cancer-facts-figures, World Cancer
Research Fund International, Cancer facts & figures, Data on specific cancers, accessed
April 2017). It is estimated that worldwide more than 508,000 women died in 2011 from
breast cancer (Global health estimates, World health organisation 2013, www.who.int,
accessed April 2017).

Breast cancer also occurs in men. In the Netherlands in 2015, 99 men were diagnosed
with invasive breast cancer (http://www.cijfersoverkanker.nl, accessed May 2017). It is
estimated that worldwide 2,470 new cases will be diagnosed in 2017 (www.cancer.org,

American Cancer Society: Cancer Facts and Figures 2017, accessed March 2017).

BREAST CANCER RISK FACTORS

Genetic factors, as well as lifestyle factors are involved in the aetiology of breast cancer.

The major risk factor for breast cancer is advancing age. The breast cancer risk for
a woman of 30 years old is 1 in 250 in the next 10 years, whereas the risk for a 70 years old
woman is 1 in 27 (https://seer.cancer.gov/archive/csr/1975_2007, SEER Cancer Statistics
Review, 1975-2007, accessed April 2017).

Lifestyle factors

Women who develop breast cancer are more likely to have higher endogenous or
exogenous oestrogen and androgen levels (Pubmed health, https://www.ncbi.nlm.nih.
gov/pubmedhealth, accessed June 2017). Women who experienced menarche before or
at the age of 11 years have almost 20% higher risk of developing breast cancer compared
to those who experienced menarche at age 14 years or older." In the same way, late
menopause is also a risk factor for breast cancer.! Moreover, Hormone therapy (HT) offered
after menopause is shown to be associated with increased risk of breast cancer.? 3 Women
with dense breasts have increased risk of breast cancer. How higher the degree of density,
how higher the breast cancer risk. Women with slightly increased breast density have
a relative risk (RR) of 1.79 compared with women who have the lowest breast density. The RR
increases up to 4.64 for women with very dense breasts.* Other factors such as ionizing
radiation and obesity are also shown to increase breast cancer risk. There is a relationship
between exposure to ionizing radiation and breast cancer. Breast cancer risk is shown to

increase with for example atomic bomb exposure or radiation therapy for example for
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lymphoma.® Obesity is associated with increased breast cancer risk, particularly among
postmenopausal women who do not use hormone therapy.® Also Alcohol consumption
increases the risk of breast cancer.”

Factors which are proven to have an adequate evidence of decrease risk of breast
cancer are: early pregnancy, breast feeding and exercise. Childbirth is followed by an
increase in risk of breast cancer for several years. A long-term reduction in risk then
follows which is greater for younger women.® Breast-feeding is associated with a lower
risk of breast cancer,’ and the RR decreases up to 4.3% for every 12 months of breast
feeding.' Active exercise may reduce breast cancer risk, particularly in young women

1"

who have children," in premenopausal women and those of normal or lower-than-normal

body weight."

Genetic factors
Breast cancer risk is shown to increase in women with a positive family history. If first-degree
relatives are affected the breast cancer risk increases almost two folds.' Different models
have been developed to calculate the breast cancer for different family members such
as Breast Cancer Risk Assessment Tool (Gail Model, https://www.cancer.gov/bcrisktool,
accessed April 2017), IBIS Breast Cancer Risk Calculator Tool, http://www.ems-trials.org/
riskevaluator, accessed April 2017), BRCAPRO (http://bcb.dfci.harvard.edu/bayesmendel/
brcapro.php, accessed April 2017) and BOADICEA (http://ccge.medschl.cam.ac.uk/
boadicea, accessed April 2017). Effect of heritable factors is estimated to be up to 27%
in breast cancer." This estimate is however, of limited value as it is greatly dependent on
the assumed model.”™

Based on the risk associated with different genetic factors and their allele frequency,

different classes can be defined:

High risk

When a genetic factor confers a relative risk higher than 4 times, it is called a high risk
gene.' Pathogenic variants in the two tumour suppressor genes, BRCAT (MIM* 113705),
identified in 1994 and BRCAZ2 (MIM* 600185), identified in 1995, are known to be
associated with high risk of breast and ovarian cancer. Pathogenic variants are variants
such as frameshifts or nonsense variants which lead to loss of function of the proteins
and are therefore disease-causing. BRCA1 and BRCA2 proteins are known to help
repair damaged DNA and are, therefore, important in maintaining the genomic stability.
Mutation in these genes which results in production of a non-functional protein or when no
protein can be made will eventually lead to accumulation of DNA damage which cannot
be properly repaired. As a result, cells are more likely to develop additional genetic
alterations that can lead to cancer."” Pathogenic variants in BRCAT and BRCAZ are proven
to increase the cumulative risk of female breast cancer up to 88% and ovarian cancer up to

68% (depending on the method used for risk calculation and selection criteria)' '® 7 and
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they have been associated with increased risks of several other cancers. Increased risk of
prostate and pancreatic cancer in BRCAZ2 carriers is strongly confirmed.'® 22 There is also
evidence for an increased risk of gall bladder, bile duct, stomach cancer and also malignant
melanoma, however this evidence is limited.?°23 25 |t is shown that BRCAT carriers have an
elevated risks of pancreatic, prostate, testicular and uterine cancer.?®* 2% The prostate and
pancreatic cancer risks are however, lower than in BRCAZ carriers. Moreover, male BRCA2
carriers, and to a lesser extent BRCAT carriers, are at an increased risk of developing
breast cancer.?® 2730

Pathogenic variants in BRCAT and BRCAZ together account for about 15 to 20 percent
of hereditary breast cancers (www.cancer.gov, accessed March 2017).3'32

Other rare but high penetrant genes for breast cancer include TP53 (MIM* 191170),% 3
PTEN (MIM* 601728),%%36 STK11 (MIM* 602216)%:38 and CDH1 (MIM* 192090)*? each giving
rise to a different clinical syndrome. Together with BRCAT and BRCAZ2, it is estimated that

these six high-risk genes account for around 25% of hereditary breast cancer cases.'

Moderate risk

When the relative risk of breast cancer is increased between 2 to 4-5 times, we speak
of a moderate risk. Pathogenic variants in genes such as PALB2*' (MIM* 610355), ATM*?
(MIM* 607585) and CHEK2% (MIM* 604373) are also shown to increase breast cancer
risk (Figure 1) in this range and are therefore known as moderate risk genes. There are
several other genes such as XRCC2 (MIM* 600375), RAD51C (MIM* 602774) and BARD1
(MIM* 601593) in which variants have been shown to be associated with breast cancer
susceptibility, but their allele frequency and/or breast cancer risk estimates have not yet
been robustly established.

Recently some specific variants in high risk genes such as ¢.5096G>A, p.Arg1699GIn
in BRCAT are shown to confer a lower risk compared with the average truncating variants
in these genes as explained in the previous section. Their risk is in the same range as
the moderate risk genes and are defined as intermediate risk variants.** Figure 1 shows
roughly the genetic landscape of breast cancer with common susceptibility SNPs (single
nucleotide polymorphisms) low right on the graph and the moderate-high risk rare variants

on the left side of the graph.

Low risk

Genome-wide association studies (GWAS) have resulted in identification of several
common, low-risk susceptibility variants (SNPs) associated with breast cancerrisk. In the past
few years, Breast Cancer Association Consortium (BCAC) as part of the Collaborative
Oncological Gene-Environment Study (COGS) identified new risk-associated variants in
a large-scale replication study. SNPs were genotyped in over 40,000 breast cancer cases
and 40,000 control women, using a custom array (iCOGS, http://ccge.medschl.cam.
ac.uk/files/2014/03/iCOGS_detailed_lists_ALL1.pdf, accessed April 2017). This study
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Figure 1. The genetic landscape of breast cancer. This figure shows the allele frequencies in
the general population and relative risks for the known breast cancer risk genes and single
nucleotide polymorphisms (SNPs). Reprinted from Clinical Genetics, 84, Hilbers FS, Vreeswijk
MP, van Asperen C J, Devilee P, The impact of next generation sequencing on the analysis
of breast cancer susceptibility: a role for extremely rare genetic variation?, 407-14, Copyright
(2013), with permission from John Wiley & Sons.#

increased the number of SNPs associated with breast cancer from 27 to more than 70
(Figure 2).4'- % Recent literature indicates that single nucleotide polymorphisms are
important determinants of personal cancer risk in women carrying a pathogenic variant
in BRCA1 and BRCA2¥ but also in moderate risk genes.’® %051 The term “low risk” is used
for variants conferring a risk that is less than moderate (RR<2). It is important to be careful
using this term in the medical practice as these variants do not lower the risk. The carriers
of such variants still have an increased risk of breast cancer.'

As the knowledge about breast cancer risk factors is increasing, especially in genetics,
guidelines are being defined based on the stratification of patients according to their
cancer risk. The breast cancer risk can be calculated using algorithms and web based
tools such as Breast Cancer Risk Assessment Tool (Gail Model, https://www.cancer.gov/
berisktool, accessed April 2017), IBIS Breast Cancer Risk Calculator Tool, http://www.
ems-trials.org/riskevaluator, accessed April 2017), BRCAPRO (http://bcb.dfci.harvard.edu/
bayesmendel/brcapro.php, accessed April 2017) and BOADICEA (http://ccge.medschl.
cam.ac.uk/boadicea/, accessed April 2017).

These risk levels are used to provide guidance to identify women who can benefit from

surveillance using regular mammography and/or magnetic resonance imaging (MRI) or risk
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Contributuon of known genes to familial
aggregation of breast cancer

TP53
PTEN

ATM, CHEK2,
PALB2

Figure 2. This figure shows the fraction of cases caused by genes known to contain pathogenic
variants that predispose to breast cancer and by common genetic risk factors (common SNPs),
adapted from Couch FJ. et al®? and http://discoverysedge.mayo.edu/2015/10/07/breast-
cancer-predicting-individual-risk, accessed on April 2017).

reducing measures depending on the national guidelines of the country (www.oncoline.
nl, accessed April 2017), (Familial breast cancer: classification, care and managing breast
cancer and related risks in people with a family history of breast cancer, www.nice.org.
uk/guidance, accessed May 2017), (BRCA1 and BRCAZ2: Cancer Risk and Genetic Testing,

www.cancer.gov, accessed May 2017).

GENETIC COUNSELING

Since identification of BRCA1 in 1994 and BRCAZ2 in 1995 genetic counselling of breast
cancer patients gradually started with the aim to identify the individuals who are at high
risk of cancer. Identification of the carriers of the pathogenic variants has several benefits:

1. Intensive surveillance and risk reducing surgeries

As the carriers have a high risk on breast and ovarian cancer, they are offered intensive
screening programs and/or prophylactic surgeries starting from 25 years as described
in the local guidelines (www.oncoline.nl, accessed April 2017), (Familial breast cancer:
classification, care and managing breast cancer and related risks in people with a family
history of breast cancer, www.nice.org.uk/guidance, accessed May 2017), (BRCA1 and
BRCA2: Cancer Risk and Genetic Testing, www.cancer.gov, accessed May 2017).

2. Personalised therapy
The affected individuals who are proven to be carrier of a pathogenic variant in BRCA1
or BRCAZ can benefit from personalized treatments with platinum salts (carboplatin and
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cisplatin) or poly ADP-ribose polymerase (PARP)-inhibitors. Treatment with platinum
has resulted in better progression-free survival and overall survival in patients carrying
BRCA1/2 pathogenic variants due to homologous recombination (HR) deficiency in their
tumours. The damaged ability of BRCA-deficient tumour cells to repair platinum-induced
double-stand breaks (DSBs), results in their increased sensitivity to chemotherapy.® ** In
the same way, inhibition of PARP enzymes by PARP-inhibitors in HR-deficient BRCA1 and
BRCAZ2 cells leads to DSBs which are subjected to error-prone repair by non-homologous
end joining (NHEJ). PARP enzymes repair single-stranded DNA breaks mainly through
the base excision repair pathway.”® The absence of precise DNA-repair mechanisms
following PARP-inhibitor treatment in HR-deficient cells leads to synthetic lethality due to

the accumulation of DNA damage and will eventually result in cell death.54 %5

VARIANTS OF UNCERTAIN SIGNIFICANCE (VUS) IN BRCA1
AND BRCAZ2

It is more difficult to determine the cancer risk related to other sequence variants such
as missense changes, small in-frame insertions and deletions, nucleotide substitutions
that do not lead to amino acid changes and alterations in non-coding sequences. These
changes are called variants of uncertain clinical significance (VUS).

In a population-based cohort of young women with contralateral (n=705) or unilateral
breast cancer (n=1398), 470 unique sequence variants were identified in the BRCA1/2
genes of which 113 were pathogenic variants. The remaining 357 VUS consisted of
185 missense changes, of which 60% were observed only once and 3% occurred with
a frequency of >10%.%®

Inthe Netherland, in general genetic screening of BRCA1/2is offered when the mutation
detection chance is around 10% (www.oncoline.nl, www. www.nice.org.uk, accessed March
2017). Mutation carrier probability can be calculated based on the number and ages of
affected individuals in the family. Different algorithms and web-based tools are available
which can determine the probability of carriership such as BRCAPRO (http://bcb.dfci.
harvard.edu/bayesmendel/brcapro.php, accessed April 2017), BOADICEA (http://ccge.
medschl.cam.ac.uk/boadicea/, accessed April 2017) and the BRCA mutation risk calculator
(BRCA Risk Calculator, http://www.myriadpro.com, accessed May 2017).

When the threshold of 10% is taken into account, around 10-15% of these tests result
in identification of a VUS (personal communication with dr. J.T. Wijnen, molecular clinical
geneticist). It has also previously been estimated that about 10% of BRCA1/2 tests in
Caucasians results in a VUS.>* A higher percentage was reported in African Americans
(44.2%)*° and Hispanics (12%).*" As more individuals are offered BRCA1/2 screening,
more data is becoming available and because of improvement in classification and
communication guidelines the number of individuals receiving a VUS test results is
becoming smaller. Myriad genetics claims that of all their BRCA1/2 tests, only 2.1% is
classified as a VUS using an algorithm which is most importantly based on family history.¢?
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In the Netherlands there are around 293 unique variants identified in BRCA1 and 492 in
BRCAZ2 and over 1,800 families are now known to carry a BRCAT and BRCA2 VUS (personal
communication with Frans Hogervorst, molecular clinical geneticist, National working
group for Breast Cancer DNA Diagnostics (LOB)).

Almost 1,800 unique VUS are listed in the Breast Cancer Information Core database
(http://research.nhgri.nih.gov/bic/, accessed March 2017), however this database is
outdated and replaced by other databases such as LOVD and ClinVar (www.ncbi.nim.
nih.gov/clinvar, http://databases.lovd.nl/shared/genes, accessed March 2017).® ClinVar is
a freely accessible, public archive of reports of the relationships among human variations
and phenotypes, with supporting evidence. ClinVar search in April 2017 resulted in about
1,701 unique VUS in BRCAT and 2,871 unique VUS in BRCAZ (https://www.ncbi.nIm.nih.
gov/clinvar, accessed March 2017).

Classifying VUS is a great challenge for tailoring genetic counselling and disease
prevention strategies. Patients in which a VUS is identified experience considerable
psychological distress, not only due to the possibility that they may have a cancer risk
as high as that for known pathogenic variants, but also due to the uncertainty of this
cancer risk.*¢* Not only the person who is carrying the VUS can benefit from classification
of the variant but also their relatives can benefit from classification. In case a variant is
classified as pathogenic, then the family members will be offered cascade screening. They
can be tested for the presence of the pathogenic variant. Carriers can enter screening
programs for early cancer detection or consider prophylactic surgery (www.oncoline.nl,
accessed April 2017). Moreover, affected carriers can benefit from personalized treatments
with platinum agents or PARP-inhibitors.

In case a variant remains unclassified as a VUS, then according to the current guidelines
none of the above measures can be offered to the patients and their relatives. For these
group of patients and their families and for those in whom no variants are identified,
the breast cancer risk is calculated using algorithms and web based tools such as
Breast Cancer Risk Assessment Tool (Gail Model, https://www.cancer.gov/bcrisktool,
accessed April 2017), IBIS Breast Cancer Risk Calculator Tool, http://www.ems-trials.org/
riskevaluator, accessed April 2017), BRCAPRO (http://bcb.dfci.harvard.edu/bayesmendel/
brcapro.php, accessed April 2017) and BOADICEA (http://ccge.medschl.cam.ac.uk/
boadicea, accessed April 2017), as mentioned previously. They are then stratified to high
risk or moderate risk families and will be offered surveillance and/or prophylactic surgeries
according to the local protocols as described previously (www.oncoline.nl, accessed
April 2017).

CLASSIFICATION OF THE VARIANTS
Assessment of individual VUS-related characteristics

It is difficult to apply the usual genetic approach of linkage/segregation or association

analysis for classification of the majority of the VUS because individual VUS are rare.%® It
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is therefore essential that methods would be developed that allow reliable assessment of
the clinical significance of VUS and so provide VUS-carriers with the required information
to make an informed decision. Reliable classification of VUS would considerably increase
the clinical utility and cost-efficiency of DNA testing and alleviate the psychological burden
on these families.t* %

Different efforts have been undertaken to classify VUS using the different sources of
data, which are listed below. Table 1 shows a summary of the advantages and disadvantages
of these characteristics in using variant classification, as previously described by
Goldgar et al.%

In silico analysis of variant characteristics

Co-occurrence with a deleterious variant

Prevalence of the variant in a control population
Cosegregation of the variant and disease within families
Clinical features and family history

Histopathology and genetic tumour characteristics

In vitro RNA analysis

© N A wWDN =

Functional analysis

1. In silico analysis of variant characteristics

This analysis focuses on the predicted effect of the nucleotide and/or amino acid change.
Amino acids, which are evolutionary strongly conserved across species, are probably
residues essential for protein function. A change at that position is expected to seriously
affect that function. Nucleotide changes might also be located in regions essential for
accurate RNA splicing, and as a consequence might affect the protein function.®”%’ One
of the tools which can be used for in silico analysis of the variants is Alamut® software
(www.interactive-biosoftware.com/alamut-visual). It integrates several missense variant
pathogenicity prediction tools and algorithms such as SIFT (http://sift.jcvi.org, accessed
March 2017), PolyPhen (http://genetics.bwh.harvard.edu/pph2, accessed March 2017),
AlignGVGD (http://agvgd.hci.utah.edu, accessed March 2017), MutationTaster (http://
www.mutationtaster.org/, accessed March 2017) and Human Splicing Finder (HSF) (http://
www.umd.be/HSF/, accessed April 2017).

2. Co-occurrence with a deleterious variant

Homozygosity or compound heterozygosity for deleterious variants in BRCA1/2 are
embryonic lethal (BRCAT1) or associated with severe syndromes not related to breast
cancer such as Fanconi Anemia.> 772 |t should be noted that this approach is particularly
powerful in identifying neutral variants, but less so in supporting potential pathogenicity
of variants (i.e. the lack of co-occurrence does not have much discriminatory power in
determining the pathogenicity of a VUS).
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3. Prevalence of the variant in a control population

The identification of VUS in control populations can be an effective tool to classify it as
a functionally neutral variant. The presence of a variant in more than 1% of a healthy
population strongly argues against its pathogenicity.”* 7* However, recently the expert
panel in ENIGMA (Evidence-based Network for the Interpretation of Germline Mutant
Alleles) consortium (https://enigmaconsortium.org/, accessed April 2017) has reviewed
frequency of known pathogenic variants in EXAC and gnomAD population-specific
datasets and has suggested adapting this threshold (personal communication with
ENIGMA members). Both the Exome Aggregation Consortium (ExAC) and the Genome
Aggregation Database (gnomAD) are resources developed by an international alliance
of investigators, with the goal of “aggregating and harmonizing exome and/or genome
sequencing data from various large-scale sequencing projects, and making summary
data available for the wider scientific community” (http://exac.broadinstitute.org/, http://
gnomad.broadinstitute.org/, accessed April 2017).

4. Cosegregation of the variant and disease within families

The presence of cosegregation (i.e. variant is present in all affected family members)
provides strong evidence for pathogenicity within an autosomal dominant pattern that is
normally associated with pathogenic BRCA1/2 variants. This method can be particularly

powerful when more than one family with the same VUS has been detected.

5. Clinical features and family history

Information on the number of first and second-degree relatives affected with breast and/
or ovarian cancer, bilateral cancer and age of onset can predict the probability of having
a BRCA1/2 variant and on the basis of this information individual breast cancer risk can be
estimated.”>7¢ Individuals carrying deleterious variants are expected to have more severe
personal and family cancer histories than individuals carrying benign variants.®? Based on
this premise, and when extensive family data is available, algorithms can be built which
can determine the probability of pathogenicity of a variant.

6. Histopathology and genetic tumour characteristics

Histopathology

Itis well established that the histological phenotype of BRCA1-related breast tumours differ
from non-BRCA1 tumours. The breast tumour in carriers of BRCAT pathogenic variants are
more likely to be high-grade and are shown to have increased mitotic count, pushing
margins, lymphocytic infiltrate and necrosis.”’”’? The histological characteristics of tumours
in BRCAZ2 carriers are less distinctive compared to BRCA1-related breast tumours.””- 8 &
However, there are reports which show that BRCAZ2 breast tumours are more likely ER
(oestrogen receptor) positive, have high grades, less tubule formation and continuous

pushing margins when compared to non-BRCAZ2 tumours.’® & Based on the commonly
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measured histopathological features such as receptor status and grade ascertained from
thousands of BRCA and non-BRCA tumours, likelihood ratio estimates are calculated

which can be used for classification of the variants.80 8285

Loss of heterozygosity

Loss of heterozygosity (LOH) of the wild type allele is a common mechanism of inactivation

in tumours of BRCA1/2 carriers. This observation could potentially be used to classify

the VUS.¢ ® However, Beristain et al in a study saw that not all the pathogenic variants

which should have shown LOH in the wild type allele did follow the expected pattern.?’
They concluded that LOH analysis in a tumour is not suitable to distinguish between

neutral and pathogenic variants.®’

Comparative genomic hybridization (CGH)
BRCA1 protein is involved in the DNA damage response pathway and loss of BRCA1
function will result in the accumulation of DNA damage and chromosomal instability.” As
a consequence the BRCAT-mutated tumours develop a distinct pattern of chromosomal
aberration. The same method was used to develop a classifier by array-CGH for the BRCA2
tumours.®® Array-Comparative Genomic Hybridization (array-CGH) can be used as an
effective method to distinguish BRCAT and BRCA2-mutated breast tumours from sporadic
breast tumours. In 2002 the first CGH (chromosome) classifier for BRCAT was developed.®
In 2008 Joosse et al introduced a method for classification of breast tumours
by array-CGH.”

7. In vitro RNA analysis

For the production of full-length mRNA, that will be translated into a functional protein,
correct RNA splicing is necessary. Splice-site prediction programs have been developed to
predict the effect of a variant on RNA splicing. These programs are very reliable in predicting
whether variants in canonical sites affect splicing. However, predicting the functional effect
variants such as changes in splice enhancers and silencers motifs is much more difficult.
In vitro RNA analysis is therefore often essential to determine the effect of the variants on

RNA splicing and to determine their clinical significance.®? 719

8. Functional analysis

As many VUS are rare, clinical and genetic data are usually insufficient to classify a variant.
As an alternative approach, in vitro and in vivo assays can be used to study the effect of
a VUS on the function of the protein to predict its pathogenicity.

BRCA1 and BRCA2 are multifunctional proteins that interact with tumour suppressors
(other (breast) cancer genes) such as PALB2, RAD51, DNA repair proteins, and cell cycle
regulators through their different domains.? %

Some of the functions of BRCA1 have been linked to specific domains of the protein.?’
Roy et al in a review article describe the different domains in BRCA1 and BRCA2 as follows
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(Figure 3):% BRCA1 protein consists of an N-terminal RING domain that associates with
BRCA1-associated RING domain protein 1 (BARD1) and a nuclear localization sequence
(NLS). The central part of BRCA1 protein has a CHK2 (CHEK2) phosphorylation site on
Serine988 (5988).”” The C-terminal of BRCA1 protein consists of: a coiled-coil domain that
associates with partner and localizer of BRCA2 (PALB2); a serine cluster domain (SCD) that
contains approximately ten potential ataxia-telangiectasia mutated (ATM) phosphorylation
sites and plays an important role in BRCA1-mediated G2/M and S-phase checkpoint
activation and spans amino acid residues 1280-1524;'%1°" and a BRCT domain that binds
ATM-phosphorylated abraxas, CtBP-interacting protein (CtIP) and BRCAT-interacting
protein C-terminal helicase 1 (BRIP1). The BRCA1-abraxas complex is associated with
BRCA1 recruitment to sites of DNA damage.'®'% The BRCA1-BRIP1 complex is linked to
DNA repair during replication.’® The BRCA1-CtIP complex causes ataxia-telangiectasia
and Rad3-related (ATR) activation and homologous recombination (HR) by associating with
the MRN complex and facilitating DNA double-strand break resection.’ MRN complex
itself consists of MRE11, RAD50 and Nijmegen breakage syndrome protein 1 (NBS1).

There are different roles describes for the function of the human BRCA2 protein
such as DNA repair and genome stability,"” control of micronuclei and centrosome
amplification,’® regulation of cell cycle progression,'® regulatory role in the cytokinesis
process'’? and it is shown to be a component and regulator in the midbody structure and
function.”” BRCA2 can be divided to three major regions: the N-terminal which binds
PALB2 amino acids 21-39;"2 the eight BRC repeat region between amino acid residues
1009 and 2083 that bind RAD51. The BRCA2 DNA-binding domain consists of a helical
domain (H), three oligonucleotide binding (OB) folds and a tower domain (T), which is
thought to facilitate BRCA2 binding to both single-stranded DNA and double-stranded
DNA;"3 and the C-terminal of BRCA2 contains an NLS and a cyclin-dependent kinase
(CDK) phosphorylation site at Serine3291 that also binds RAD51."

Based on the presence of different protein domains and the different functions of
the BRCA1 and BRCA2 proteins, many in vitro and in vivo assays have been developed to
evaluate the effect of VUS on protein function.'® However, it is still not completely clear
how the results from functional analysis, on their own or in combination with other sources
of data, can be used for the classification of the variants.

CLASSIFICATION METHODS

In 2004, Goldgaretalintroduced a multifactorial likelihood model (MLM) forthe classification
of the VUS in BRCAT and BRCAZ2 in which the likelihoods of pathogenicity, obtained
from various sources of data, could be combined. In general, when a VUS reached odds
higher than 1,000:1 in favour of pathogenicity, it could be classified as pathogenic. In
order to classify a variant as neutral, the threshold was set at 100:1 against pathogenicity.
This threshold is set lower compared to the threshold in favour of pathogenicity. That is
because declaring a variant as neutral has a less critical consequence for the patients and

their families.%
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Figure 3. BRCA1 and BRCA2 functional domains. Reprinted by permission from Macmillan
Publishers Ltd: [Nature Reviews Cancer] (Nat Rev Cancer. 2011 Dec 23;12(1):68-78.),
copyright (2011).%

Table 1. Types of evidence potentially useful for variant classification. Reprinted and adapted
from The American Journal of Human Genetics, 75, Goldgar DE, Easton DF, Deffenbaugh AM,
Monteiro ANA, Tavtigian S, Couch FJ, Integrated Evaluation of DNA Sequence Variants of
Unknown Clinical Significance: Application to BRCAT and BRCA2, 535-544, Copyright (2004),
with permission from Elsevier.®

Line of Evidence Advantage(s) Disadvantage(s)
In silico analysis ® Can be applied to every e Indirectly related to disease risk
of variant possible missense change in e The magnitude of likelihood
characteristics the BRCA1 and BRCAZ2 genes ratios is generally not sufficient
* Does not require extensive to classify variants without
family history additional information

* Complete conservation is
predictive if enough evolutionary
time sequence is available

Co-occurrence ¢ If homozygotes and compound ¢ Much less power to show

with a deleterious heterozygotes are assumed causality
variant to be embryonically lethal (or * Quantification is dependent
vanishingly rare), a variant can on the assumed fitness of
often be classified as neutral on the homozygous genotype,
the basis of a single observation which is not known with
precision
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Table 1. (continued)

Line of Evidence Advantage(s) Disadvantage(s)

Prevalence ® Provides a direct estimate of e Variants are rare, so such studies
of the variant associated cancer risk would need to be very large

in a control

population

Cosegregation of e
the variant and
disease within .
families

Easily quantifiable and directly
related to disease risk

Not susceptible to uncertainties
in variant frequencies or
population stratification

Requires sampling of additional
individuals in the pedigrees
(particularly affected)

Clinical features o
and family history

Usually available for most
variants without additional data
or sample collection

Potentially very powerful

Depends on family
ascertainment scheme
Power may be low for rare
variants

Histopathology
and genetic
tumour
characteristics

Potentially powerful

for BRCAT tumours in which
the pathological characteristics
are quite distinct

Prediction is weak when routine
pathology data are used,
especially for BRCA2
Systematic evaluation requires
tumour material

In vitro RNA * Powerful to show causality when ¢ Specific blood samples are
analysis there is no wild type transcript required
from the variant allele * RNA splicing might be different
in different tissues
Functional e Can evaluate the variant's effect o Not all the functions of
analysis on the protein functions of the BRCA1/2 are known.

the BRCA1 and BRCA2

A variant being neutral in

a specific assay does not
necessarily mean that it has no
effect on cancer risk

Function tested might not be
related to cancer causation
Still needs to be validated

In 2008, prior probability of pathogenicity of a variant based on its position and

function was added to the MLM model'® "7 (Figure 4). In this method, in essence, for

each line of evidence, as mentioned previously, the Likelihood Ratio (LR) is calculated. LR

is a measure of accuracy of a diagnostic test. The LR of a clinical finding is the probability

of that finding when a condition is present divided by the probability of the same finding

when the condition is absent."® To determine the “overall likelihood” for pathogenicity

versus non-pathogenicity of a specific VUS, the LRs for the VUS from each independent

component of the model are multiplied together. Using this approach, such likelihood

ratios from different studies, if it is not originating from the same data and provided
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| Prior probability I — In silico

NN

IRIXIRIXIRIX|RIX| LRl «——— clinical data

\ / | Posterior probability |

Figure 4. Multifactorial likelihood model (MLM). Posterior probability of pathogenicity =
posterior odds/ (posterior odds + 1) and posterior odds= Overall LR x (prior probability/[1-
prior probability]).

that the datasets are independent, can be multiplied to generate updated likelihood
ratios. Then the probability of pathogenicity based on in silico data which is calculated
previously based on position and conservation of the mutated nucleotide can be added to
the calculation as the “prior probability” (Table 2).

The in silico based “prior probability” and the “overall likelihood” estimates can be
used to determine the “posterior probability” of a VUS being pathogenic, through first
determining the “Posterior Odds of pathogenicity” by using this formula: Posterior Odds =
Likelihood ratio X [prior probability/(1-prior probability)]. Then the posterior probability
of pathogenicity is calculated using Bayes theorem: Posterior Probability = Posterior
Odds /(Posterior Odds + 1).""? The scale of posterior probability is between 0 and 1.00
and is often expressed as a percentage.

Table 2. Prior probabilities associated with VUS graded by Align-GVGD or based on
the position of the VUS. Reprinted and adapted from Human Mutation,33, Lindor NM,
Guidugli L, Wang X, Vallee MP, Monteiro AN, Tavtigian S, Goldgar DE, Couch FJ, A review of
a multifactorial probability-based model for classification of BRCAT and BRCA2 variants of
uncertain significance (VUS), 8-21, Copyright (2011), with permission from John Wiley & Sons."?

Prior 95%
Align-GVGD grade or the position of the variant Probability Confidence Interval
Cé5 0.81 (0.61-0.95)
C35-C55 0.66 (0.34-0.93)
C15-C25 0.29 (0.09-0.56)
Co 0.03 (0.00-0.06)
Splicing consensus site alteration 0.96 (0.91-1.00)
Intronic variants outside the consensus dinucleotides 0.26 (0.15-0.39)
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There was for a long time no consensus as how to handle the diagnosis of a VUS, in
the clinical practice, in the BRCA1/2 genes. In 2007, the UK Clinical Molecular Genetics
Society together with the Dutch Society of Clinical Genetics Laboratory Specialists
proposed a four class system for reporting the variants: (I) certainly not pathogenic, (Il)
unlikely to be pathogenic, (Ill) likely to be pathogenic, and (IV) certainly pathogenic “Good
Practice Guidelines for the Interpretation and Reporting of Unclassified Variants in Clinical
Molecular Genetics Laboratories” [Bell et al, 2007] (Table 3).

In 2008, the American College of Medical Genetics (ACMG) proposed a six-class
system for interpretation and reporting of sequence variants: (1) sequence variation is
previously reported and is a recognized cause of the disorder; (2) sequence variation is
previously unreported and is of the type that is expected to cause the disorder; (3) sequence
variation is previously unreported and is of the type which may or may not be causative of
the disorder; (4) sequence variation is previously unreported and is probably not causative
of disease; (5) sequence variation is previously reported and is a recognized neutral variant;
and (6) sequence variation is previously not known or expected to be causative of disease,
but is found to be associated with a clinical presentation.'?® The emphasis of this system
is on appropriate reporting of sequence variations using standardized terminology and
established databases. However, although both these two systems use basically the same
BRCA1 or BRCAZ2 characteristics for variant classification, neither of them recommended
using quantitative information for the classification and clinical management of variants.
An expert working group, assembled at IARC (International Agency for research in Cancer,
http://www.iarc.fr) in 2008, proposed a quantitative classification system applicable to
variants in high risk cancer predisposition genes such as BRCA1, BRCA2, MLH1 (MIM*
120436), and MSH2 (MIM* 609309). This classification system interprets posterior
probability from the MLM and translates these to recommendations for clinical practice
(Table 4).12"

Table 3 Bell’s classification system.

Class Description

| Certainly not pathogenic

Il Unlikely to be pathogenic but cannot be formally proven

Il Likely to be pathogenic but cannot be formally proven

\% Certainly pathogenic
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General introduction

AIM OF THIS THESIS

This thesis is aimed at improving the classification of the variants of uncertain clinical
significance in the BRCA1/2 genes. Furthermore, it describes the optimization and
standardisation of guidelines for communication of the VUS with the counselees in

clinical practice.

OUTLINE OF THIS THESIS

In this thesis, an introduction to hereditary breast cancer, BRCA1/2 genes, variants of
uncertain significance and different classification methods and guidelines are described
in chapter 1.

As mentioned above, previously a four-class system according to Bell (Table 3) was
applied in most Dutch DNA diagnostic laboratories. The results of the classification of
VUS based on only in silico characteristics was studied and compared to the results of
classification when additional information was used (chapter 2). The results showed that
VUS assigned to class Ill more frequently showed in silico indications of a pathogenic effect
than class Il VUS. Of the 46 VUS assigned to class Il by in silico analysis alone, nearly half
were eventually re-categorised as class | and 10% as class Il when additional information
was included. As in silico analysis alone is not always sufficient to unambiguously assign VUS
to either class Il or class Ill, the possibility of obtaining additional information from a family
should be taken into account during the decision process preceding the communication
of a VUS test result.'?

The paper in chapter 3 describes the cancer risks associated with the missense variant
c.5096G>A, p.Arg1699GIn (R1699Q) in BRCAT in a large group of families ascertained
internationally.* % The results showed that the risks associated with this variant, breast
cancer: 20% and ovarian cancer: 6%, are lower than for the average truncating BRCA1
variants and that this variant can be classified as an intermediate risk variant. Furthermore,
cancer risks in families with this intermediate risk variants are likely to be influenced by
additional genetic factors. Based on these risks recommendations for clinical management
for female carriers were proposed.

In chapter 4 mutation prediction performance of BOADICEA (http://ccge.medschl.
cam.ac.uk/boadicea, accessed April 2017), BRCAPRO (http://bcb.dfci.harvard.edu/
bayesmendel/brcapro.php, accessed March 2017) and Myriad BRCA risk calculator (http://
www.myriadpro.com/brca-risk-calculator/calc.html, accessed March 2017) was tested in
a large cohort of Dutch male breast cancer patients. The numbers of observed versus
predicted mutation carriers were compared and the area under the receiver operating
characteristic (ROC) curve (AUC) for each model was assessed. The results support the use
of both BRCAPRO and BOADICEA for determining the probability of carrying a BRCA1
or BRCA2 pathogenic variants in MBC patients. Freely available, reliable prediction
models such as BOADICEA and BRCAPRO play an important role in improving clinical

care, especially in countries with limited health care resources.’? Furthermore, the proven
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prediction accuracy of both BOADICEA and BRCAPRO for BRCA carriership in males
underlines the reliability of other function of these models which is the prediction of
overall breast cancer risk.

Information on array-CGH in addition to other data based on different lines of evidence
was used to (re)classify some of the most common BRCAT variants in the Netherlands
(Figure 4). For the classification of the variants mainly in silico data, cosegregation of
the variant and disease within families, histopathological tumour characteristics were used.
Where available the results of classification were compared with functional analysis which
is performed by our colleagues in the Netherlands Cancer Institute (NKI) in Amsterdam
(chapter 5) (manuscript in preparation).

To improve the clinical utility of the current IARC classification system,’®

a pragmatic
adaptation to clinical practice was suggested in chapter 6. The suggestion is that
the laboratory specialists divide VUS class 3 into two subgroups: class 3A with a posterior
probability of 0.05 to 0.499 and class 3B with a posterior probability of 0.5-0.949.
The counsellors could then consider to communicate and test family members when
the posterior probability of pathogenicity of a VUS is higher than 0.5 (i.e. category 3B) but
not communicate variants in class 3A unless there is clinical benefit for counselee or for
research. The purpose of the recommendations is to improve the clinical management of
the counselees by a more precise classification of the variants without causing unnecessary
stress for the counselees or additional costs for the health care system, while minimizing
the risk of missing pathogenic variants in clinical practice.’
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