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Introduction and background:
Cancer is a genetic disease in which changes in the genetic material are responsible for
the transformation and clonal expansion of the cells. This process is often compared to the
Darwinian evolutionary model, where changes in the genetic material occur gradually,
offering selective advantages for the affected cells compared to the others. Inactivation of the
tumour suppressor genes BRCA1 and BRCA2 is considered to be such a gradual evolutionary
step during the development of breast and ovarian cancer. This is due to the crucial role of the
BRCA proteins in the maintenance of genome integrity achieved by multiple mechanisms.
Most importantly, they play a key role in homologous recombination, which is one of the
most important repair mechanisms of DNA double-strand breaks.
We can distinguish between a hereditary and a sporadic form of BRCA-related
tumorigenesis. In the case of inherited BRCA tumorigenesis, one allele of the gene has a
germline-inactivating mutation. The remaining allele will be inactivated locally in the tumour
cells by somatic alterations in a later phase of the tumour evolution. In the case of somatic
BRCA tumorigenesis, both alleles are inactivated through somatic events. The presence of
germline BRCA mutations can be observed in 10-20% of all breast and ovarian cancer
patients, while the ratio of somatic BRCA mutations is between 5-10%. Due to the fact that
germline mutations can increase the risk of developing breast and/or ovarian cancer by 90%,
and both in case of somatic or germline BRCA mutant ovarian cancer there is a possibility to
apply effective, targeted cancer therapy, the identification of BRCA mutations is a crucial
healthcare issue.
Regarding all the above mentioned, it is comprehensible that the need for a reliable
genetic test for the detection of mutations in the BRCA1 and BRCA2 genes emerged soon after
their discovery in the early 90s. Since then, different methods have been used for mutation
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diagnostics, among which the Sanger sequencing method proved to be the best. However, due
to the lack of mutational hotspots in the BRCA genes and their relatively large size, the
traditional capillary sequencing-based diagnostic process represents an expensive and timeconsuming solution. The emergence and spread of benchtop next-generation sequencing
systems offered the possibility to relocate the BRCA1 and BRCA2 mutation detection
workflow onto these high-throughput platforms. This technology allows us to increase the
throughput and detection sensitivity, enabling the identification of mutations from tumour
samples even if they contain only trace amounts of tumour cells, which is a priority in
understanding the process of tumour evolution and influencing its outcome. Various sources
of DNA samples, different types of mutations, and the emergence of targeted cancer therapies
all are require the development of a new diagnostic method for BRCA1-2 that integrates the
multiple needs and provides a reliable method for detecting hereditary and sporadic mutations
in the BRCA genes.

3

Aims:
I aimed at investigating BRCA-related tumour evolution during my PhD work by
developing a comprehensive BRCA diagnostic method that is based on multiplex PCR
amplification, next-generation sequencing, and computational variant identification, offering a
reliable tool for the detection of both germline and sporadic BRCA-inactivating mutations. I
planned to implement this research and development process through the following steps:

1. Development of a method for the enrichment of BRCA1 and BRCA2 genes from
genomic DNA samples and DNA-fragment library preparation for next-generation
sequencing.
2. Contribution to the development of a bioinformatics software package for nextgeneration sequencing data analysis. Optimization and testing the performance of data
analysis and mutation detection on BRCA mutant control DNA samples.
3. Validation of the developed diagnostic process on Ion Torrent PGM and Illumina
MiSeq next-generation sequencers. Comparison of the mutation detection performance
between the two sequencing platforms.
4. Testing the mutation detection workflow on tumour samples and studying the
BRCA-related tumour evolution in ovarian cancers.
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Materials and methods:
The target enrichment of the BRCA1 and BRCA2 genes from genomic DNA was
achieved by multiplex PCR reactions. Primer sequences used in multiplex reactions were
designed using the Primer3 and CloneManager software.
Multiplex PCR products were digested with a combination of restriction enzymes, and
next-generation sequencing platform-specific adaptor sequences were ligated to the generated
fragments. The resulting fragment libraries were quality checked by fragment analysis and
quantified by qPCR. Next-generation sequencing was carried out on Illumina MiSeq or Ion
Torrent PGM.
During the optimization of the sample preparation process, I was also involved in the
development of a software for next-generation sequencing data analysis. The NGSeXplorer,
in addition to the general modules of data analysis (de-multiplexing, mapping, variant
calling), has some special algorithms that aim to reduce the high frequency of homopolymer
sequencing errors specific to Ion Torrent PGM.
The BRCA mutation detection workflow was tested on a DNA sample set with
previously characterized BRCA1 or BRCA2 germline mutations. This was followed by a
validation process carried out on an independent sample set comparing the sequencing results
and mutation detection of Illumina MiSeq and Ion Torrent PGM.
For the detection of partial or complete gene deletions or duplications, I calculated the
dosage quotient from the coverage values of Illumina MiSeq sequencing. The results of this
analysis were validated using MPLA test.
I tested the method on formalin-fixed, paraffin-embedded (FFPE) tumour samples as
well. First, I checked the BRCA mutational status of ten ovarian cancer patients using paired
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normal and tumour DNA. Following this, I also investigated a group of 25 ovarian cancer
patients, this time sequencing only the tumour DNA. The identified mutations were validated
with independent PCR and Sanger sequencing in all cases.

Results and discussion:
1. The BRCA diagnostic process was developed using two different sample sets: a test
sample set and a validation sample set. Both sample sets contained DNA samples with
germline mutations in the BRCA1 or BRCA2 genes. The test sample set was used for the
optimization of the fragment library preparation, sequencing, and data analysis with special
attention to the algorithms for Ion Torrent sequencing error reduction. By the end of the
extensive optimization process, we achieved proper coverage data for the entire target region
of BRCA1 and BRCA2, and variant detection successfully identified the germline mutations
for each sample.
2. After the initial optimization process, we blindly validated the diagnostic
method on 20 samples each containing a unique pathogenic mutation. At the same time, we
compared the mutation detection performance of the two most popular NGS platforms:
Illumina MiSeq and Ion Torrent PGM. Illumina MiSeq correctly identified the known variants
in all 20 retrospective samples with no false-positive or false-negative variant predictions. In
the case of Ion Torrent PGM, the application of the variant filter set developed within the
frame of NGSeXplorer led to a drastic reduction of false-positive results, illustrated by the
specificity of 97.3%. Though, in one of the 20 samples a true pathogenic mutation was also
discarded by one of the above mentioned filters resulting in an experimental sensitivity of
95.0%.
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3. A comprehensive diagnostic workflow for BRCA1 and BRCA2 must include
the ability of specific and accurate detection of large genomic rearrangements in these genes.
For this reason, we tested the suitability of our diagnostic method for the detection of exon
deletions and duplications. We had two test samples with known large deletions verified
previously with MLPA analysis. The BRCA diagnostic method correctly identified these large
deletions and duplications proving its suitability for the detection of large rearrangements.
4. We tested the performance of our method on DNA samples isolated from FFPE
tissue blocks of ovarian cancer patients. From the first ten samples analysed, four harboured
BRCA1 mutations; three of them were germline and one was a somatic mutation. This latter
was a novel BRCA1 mutation (c.628C>T; p.Q210*) not reported previously in any database
or reference. Finally, in this very same tumour sample we also managed to identify some steps
of tumour evolution: one of the BRCA1 alleles was inactivated by the stop-mutation
mentioned above, while the remaining wild-type allele was lost during large genomic
rearrangements (LOH - loss of heterozygosity).
5. As a next step, we analysed the BRCA mutational status of 25 additional ovarian
cancer samples. We identified pathogenic mutations in nearly half of the samples, and the
majority affected the germline. Two of the 25 analysed mutations were considered somatic
alterations present only in the tumour cells. The frequency of the mutant allele was shifted
towards homozygous direction in most of the cases, indicating that the remaining wild-type
BRCA allele was inactivated through LOH. These results draw the attention to how important
it is in a comprehensive BRCA diagnostic process to analyse the mutational status of the
tumour sample as well as that of the germline.
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Summary:
In summary, we developed a diagnostic method for the detection of BRCA
mutations in germline and tumour. The method was successfully tested on both germline and
tumour samples, and it was validated on a wide spectrum of pathogenic mutations using
Illumina and Ion Torrent sequencers as well. Besides substitutions and small insertional and
deletional events, we managed to identify deletions and duplications affecting entire exons.
The BRCA1 or the BRCA2 gene was implicated in tumour evolution in a considerable
percentage of the analysed ovarian cancer samples. In most of these cases, one allele of
BRCA1 or BRCA2 was inactivated by a germline mutation, while the remaining wild-type
allele was lost locally at the site of tumour formation during a later phase of tumour evolution
(LOH - loss of heterozygosity). There were also some exceptions, when both BRCA alleles
were inactivated by somatic events (mutations and large genomic rearrangements). The
method is suitable for the detection of certain steps of BRCA tumour evolution using FFPE
tumour samples, and, in combination with Illumina MiSeq sequencing, meets the sensitivity
and specificity requirements for clinical diagnostics.
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