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ABSTRACT

Familial cancer syndromes include about 5% to 10% of all tumors and are attributable to genetic defects. Hereditary breast and ovari-
an cancer syndrome (HBOC) is distinguished by an elevated risk for male and female breast cancer, ovarian cancer (Fallopian tube and
primary peritoneal cancers), and to a smaller degree, other cancers such as prostate cancer, pancreatic cancer, and melanoma. In
this study, we performed next-generation sequencing or a comprehensive cancer panel on 335 patients to explain the importance of
recurrent germline mutations of BRCA1-2 and their clinical results and determine how often BRCA gene mutations were seen in peo-
ple suspected of Lynch syndrome. BRCA2 mutations were more predominant (n= 212, 63.3%) than BRCA1 mutations (123, 36.7%)
in all groups except for the ovarian and breast-ovarian groups. The most common recurrent mutations were BRCA2:¢.3318C>G,
BRCAZ2:¢.632-2A > C, BRCA1:¢.5266dupC, BRCA2:¢.9317G > A, BRCA2:¢.8452G > A, BRCA1:¢.2800C > T, respectively. BRCA1
variants were associated with ovarian cancers, and BRCA2 variants show a higher incidence of extra-ovarian malignancy. The princi-
pal finding of our study is that BRCA2 mutations were more predominant not just in the breast group but also in the colorectal group.
This is the first study mentioning the importance of BRCA2 variants in patients with Lynch Syndrome (LS) phenotype to the best of
our knowledge. Our data broadens the spectrum of BRCA gene mutations and provides insights for genotype-phenotype correlations

for familial cancer syndromes.
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INTRODUCTION

Familial cancer syndromes include about 5% to
10% of all tumors and are attributable to genetic
defects.! Hereditary breast and ovarian cancer syn-
drome (HBOC), Li-Fraumeni syndrome, Cowden
syndrome, MUTYH-associated polyposis (MAP),
and Lynch syndrome are examples of inherited
cancer syndromes.”> HBOC is distinguished by
an elevated risk for male and female breast can-
cer, ovarian cancer (Fallopian tube and primary
peritoneal cancers), and to a smaller degree, other
cancers such as prostate cancer, pancreatic cancer,
and melanoma. Li-Fraumeni syndrome, Cowden
syndrome, Lynch syndrome, and ATM, PALB2,
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CHEK?2 gene mutations could result in a similar
phenotype with HBOC.?

Germline genetic testing for risk evaluation of in-
herited cancers has been standard for breast and
ovarian cancers. Heritable breast cancers account
for 5 to 10% of all breast cancers, and monogenic,
extremely penetrant genes trigger them. BRCA1
and BRCA?2 germline variants account for up to
30% of all inheritable breast cancers.* There are
more than 2000 documented pathogenic variants
in the BRCA1 and BRCA2 genes. About 2.9%
of all people receiving molecular genetic tests for
BRCAT1 and BRCA2 would have an unknown clin-
ical significance variant.’
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The most prevalent malignancy in individuals with
a germline BRCA1 or BRCA2 pathogenic variant
is breast cancer, which varies from 46% to 87%.
BRCA germline pathogenic variants raise the in-
cidence of ovarian cancer from 16.5% to 63%.
BRCAI1 and BRCA2 germline pathogenic forms
are inherited in an autosomal dominant pattern.
Each person with a BRCA1 or BRCA2 germline
pathogenic variant has a 50% risk of transmit-
ting the variant to their offspring. Around 90% of
pathogenic variants in BRCA1 and BRCA?2 are ob-
served using gene sequencing, with another 10%
identified through gene duplication/deletion analy-
sis, which differs across various communities.® The
effects of BRCA mutations have also been discov-
ered to be connected to prostate, pancreatic, stom-
ach, and colorectal cancers, although it is difficult
to determine the level of harm.”

The BRCA tumor suppressor genes are active in
homologous recombination. BRCAI is correlated
with various pathways that include cellular path-
way components, such as cell-cycle progression,
gene transcription control, DNA damage response,
and ubiquitination. BRCA1 is observed to colo-
calize with BRCA2 and RADS]1 at sites of DNA
damage and is recruited to sites of DNA damage
through the association with RADS51 and then ena-
bles RADS51-mediated homologous recombination
repair of DNA double-strand breaks.® Therefore,
BRCA defective cells are incredibly susceptible to
DNA damage and cancer development.” PARP en-
zymes are involved in the process of detecting and
repairing DNA damage.'® The PARP1 inhibitors
allow these double-strand breaks to develop, and
in BRCA mutation-positive cancers, they are not
effectively repaired, leading to the death of cells."

More frequently observed in women over the age
of 40s, ovarian cancer frequency increases in devel-
oped countries. Ovarian cancer is the most deadly
in female reproductive cancers.'? Pancreatic cancer
is one of the deadliest cancers in both the United
States and Europe, and fourth in the world in causes
of cancer death. In those diagnosed with pancreatic
cancer, a family history of the disease is observed
in 5-10% of the cases. One of the more common
types of pancreatic ductal adenocarcinoma appears
in families with ovary or breast cancer.'* BRCA1
and BRCA2 mutations also are associated with an
elevated incidence of pancreatic cancer.'
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In this study, we performed next-generation se-
quencing or a comprehensive cancer panel to ex-
plain the importance of recurrent germline muta-
tions of BRCA1-2 and their clinical results and
determine how often BRCA gene mutations were
seen in people suspected of Lynch syndrome. Our
data broadens the spectrum of BRCA gene muta-
tions and provides insights for genotype-phenotype
correlations for familial cancer syndromes.

MATERIALS AND METHODS
Patients

The Ethics Committee of the University of Health
Sciences, Digkapr Yildirirm Beyazit Training and
Research Hospital approved the study (08.03.2021,
106/27). Consent for the publication and any addi-
tional related information was taken from the 335
patients or their parents involved in the study. Most
of the patients came to our clinic in their first few
years of diagnosis. Clinical histories and molecular
results were reviewed for all patients who exam-
ined at the Department of Medical Oncology, Hac-
ettepe University, Faculty of Medicine and Depart-
ment of Medical Genetics, University of Health
Sciences, Digkapr Yildirim Beyazit Training and
Research Hospital, Ankara, Turkey. Patients un-
derwent BRCA1-2 or comprehensive cancer panel
test between January 2017 and December 2020
at Ankara Central Genetic Laboratory (Ankara,
Turkey). Patients were evaluated according to Na-
tional Comprehensive Cancer Network (NCCN)
guidelines for breast-ovarian and Lynch syndrome.
All have a strong family history with at least three
cancers in relatives (1st, 2nd, 3rd degree). Patients
with uncertain/missing data have been filtered.

Participants were divided into seven groups, based
on each participant’s personal history. First group
is breast (n= 249, 74.3%), second group is fam-
ily (n= 34, 10%), third group is ovarian (n= 22,
6.5%), fourth group is breast-ovarian (n= 18,
5.3%), fifth group is breast-colorectal (n= 7, 2%),
sixth group is pancreas (n= 4, 1.2%) and seventh
group is prostate (1, 0.3%). In the second group
(family), patients with unspecific cancers (endo-
metrium, bladder, gallbladder, testicular, melano-
ma, leukemia-lymphoma, liver, lung, larynx) have
been chosen. In the second and fifth groups, most
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of the patients were suspected of Lynch syndrome
(LS). In patients suspected of LS, a comprehensive
cancer panel has been performed. Other patients
underwent BRCA1-2 sequencing and MLPA tests.
Participants positive for either the BRCA1 or the
BRCA?2 mutations have been chosen for the study.

DNA Panels and NGS

Blood samples were collected in EDTA tubes. The
patients’ DNA was extracted according to the man-
ufacturer’s standard procedure using the QIAamp
DNA Blood Midi Kit (Qiagen, Hilden, Germany)
by QIAcube (Qiagen Inc Mississauga, ON, Cana-
da). The DNA samples were quantified with a Na-
noDrop 1000 (Thermo Fisher Scientific Inc., MA,
USA) spectrophotometer.

Qiaseq targeted DNA panel (DHS-102Z, Human
BRCAT1 and BRCA2 Panel) or Multiplicom BRCA
MASTR Dx (Multiplicom N.V., Niel, Belgium)
kits have been used for BRCA sequencing. Two
different multigene panels have been used de-
pending on the dates. From 2017 to 2018, Qiagen
Qiaseq Hereditary Custom Cancer Panel (Qiagen,
Hilden, Germany) has been used, and from 2018
to 2021, Sophia Hereditary Cancer Solution Panel
(Sophia Genetics, Saint-Sulp) has been used in the
center. The sequencing was performed on the II-
lumina MiSeq system (Illumina Inc., San Diego,
CA, USA). The data were analyzed on QIAGEN
Clinical Insight (QCI™) Analyze software (QIA-
GEN, Hilden, Germany) or Sophia DDM software
v4 (Sophia Genetics, Saint-Sulp). Visualization of
the data was performed with IGV 2.7.2 (Broad In-
stitute) software.

For MLPA confirmation, SALSA MLPA probe-
mix PO02 BRCA1, SALSA MLPA probemix P087
BRCAI, SALSA MLPA probemix P045 BRCA2/
CHEK2, SALSA MLPA probemix P077 BRCA2
(MRC Holland, Amsterdam, Netherlands) Kkits
were performed.

In hereditary cancer syndrome families, only one
patient with a strong clinical story has been tested,
and other family members have been validated with
the known mutation with Sanger sequencing. If the
mutation was VUS supporting clinical phenotype
and no other mutation was responsible, then one
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more family member with cancer was also studied
with the panel to ensure the causal gene and muta-
tion. With methods like capillary sequencing, all
identified variants were verified. Genetic testing is
recommended for at-risk family members.

Interpretations, Descriptive Statistics and
Graphics

Thorough evaluation and analysis of available
evidence (e.g., population frequency information,
reported case notes, case/control and functional
tests, internal co-occurrence and segregation data,
evolutionary conservation, and in silico predic-
tions) were carried out on all variants, except for
previously characterized benign alterations. In
compliance with the recommendations issued by
the American College of Medical Genetics and
Genomics and the Association for Molecular Pa-
thology, variants were categorized as pathogenic,
likely pathogenic, variant of unknown significance
(VUS), likely benign, and benign.'> Pathogenic,
likely pathogenic, and strong VUS (supports clini-
cal phenotype and no other mutation responsible
detected) variations have been included in the
study. Descriptive statistical calculations have
been made, and graphics have been prepared with
Python 3.9.2 (IPython 7.19.0).

RESULTS

Females (315, 94%) were more than males (20,
6%). The mean age was 48 (in females 48 and males
52) with a minimum age of 18 and a maximum of
83. Most of the patients were between 40-60 ages
(Figure 1). All the participants were positive for ei-
ther the BRCAT1 or the BRCA?2 mutations.

Three hundred thirty-three mutations were het-
erozygous (99.4%), and only two were ho-
mozygous (0.6%). BRCA2:c.6842G > A and
BRCAZ2:¢.7559G>C were homozygous. BRCA2
mutations were more predominant(n= 212, 63.3%)
than BRCA1 mutations (123, 36.7%) in all groups
except for the ovarian and breast-ovarian groups
(Figure 2). BRCA2:c.3318C > G, BRCA2:c.632-
2A>C,BRCA1:¢.5266dupC, BRCA2:c.9317G>A
recurrent mutations were predominant in only
the breast group. BRCA1:c.181T > G and
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Figure 1. Patients’ characteristics

a) Bar plot showing the number of patients in terms of gender
b) Boxplot showing mean (green triangle) and median (black
line) age of the patients in terms of gender

DISCUSSION

The principal finding of our study is that BRCA2
mutations were more predominant not just in the
breast group but also in colorectal and pancreas
groups. Patients with LS phenotype were carrying
BRCA2 mutations.

The mean age in males and females were 52 and
48, respectively. Most of the cancers observed be-
tween 40-50 years of age. There were two patients
below 20 years of age, and they were carrying
BRCA?2 mutations. Since the minimum age was
18, genetic counseling should be given carefully.
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Figure 2. Spectrum of the genes and mutations

a) Bar plot showing the most common mutations in the study. b) Pie chart showing the spectrum of the mutated genes with percent-

ages in the study.

BRCA1:¢.3844G > T mutations were observed in
the breast-ovarian group more than once.

A detected mutation was validated through Sanger
sequencing in all other family members with can-
cer. BRCAI1 variants were associated with ovarian
cancers, and BRCA?2 variants show a higher inci-
dence of extra ovarian malignancy.
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This is the first study mentioning the importance of
BRCAZ2 variants in patients with Lynch Syndrome
(LS) phenotype to the best of our knowledge. For-
ty-one of the patients were referred to our clinic
with LS phenotype, and 29 of them were carry-
ing BRCA2 mutations. Oh, et al., reported an in-
creased risk of colorectal cancer in BRCA1 muta-
tion carriers but not BRCA2.'* However, our study
provides evidence of increased risk in colorectal
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cancer, particularly in BRCA2 mutation carriers.
BRCA1 mutations were associated with ovarian
and breast-ovarian phenotype, but BRCA?2 muta-
tions were associated with extra ovarian cancers,
especially colorectal, pancreas, prostate, and other
cancers. Recurrent mutations were observed only
in the breast and ovarian group, not in other groups.

Knowing if one has a BRCA mutation provides the
potential to improve cancer detection and increase
follow-up procedures. Several recently published
therapies, specifically the PARP inhibitors, help
advanced breast cancer patients.”” Prophylactic
(and conservative) interventions such as mastec-
tomy and oophorectomy, genetic counseling, and
drug management have been recommended by
the US National Comprehensive Cancer Network
(NCCN) Genetic/Familial High-Risk Assessment:
Breast and Ovarian guidelines, focusing on those
that have been identified as BRCA carriers.'®

Researchers have also shown that BRCA1 gene
mutations occur more often in high-risk cancer
databases than BRCA2 gene mutations." One re-
search has concluded that mutations in the BRCA2
gene are more numerous than those in the BRCA1
gene.” Interestingly, we detected more BRCA2-
related variants than BRCA1 variants in our pa-
tients. BRCA2 mutations were common both in
males and females. Even though increased risks
have been discussed with very frequently observed
polymorphic variant BRCA2 truncating allele
c.9976A > T (p.Lys3326Ter), it has been reported
benign many times, and functionally no difference
has been found when compared with normal pro-
tein, we have filtered the variant from our study.?!

The BRCA1:¢.5382insC is common in Europe.
Widespread BRCA1 mutations were reported to be
as 185delAG, 5382insC, and C61G.° However, in
our study, we could not detect common mutations
except for BRCA1:¢.5266dupC. The most common
recurrent mutations were BRCA2:¢.3318C>G,
BRCA2:c.632-2A > C, BRCAI:c.5266dupC,
BRCA2:¢.9317G > A, BRCA2:¢.8452G > A in our
study. More recurrent BRCA2 variants were ob-
served when compared with BRCA1. Some stud-
ies indicate that those who carry the BRCA1 vari-
ant have an increased risk of developing cancer at
an earlier age, but our study supports that BRCA?2
mutation carriers could develop cancer at an earlier
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age.” Mean and median age (48, 47, respectively)
of the patients with BRCA2 variants were lower
than the mean and median age of the patients with
BRCA1 variants (49, 48, respectively). We ob-
served high BRCA1-2 mutation frequency in tri-
ple-negative breast cancer patients, as mentioned
in the literature.?

The results of our study help provide current in-
formation about the relationship between BRCA1
and BRCA2 mutation status and the development
of some cancers. With advancements in next-gen-
eration sequencing (NGS), testing multiple genes
has been both quicker and easier. The key strength
of our research is that it included a broad, well-de-
fined group of participants, all of whom had symp-
toms that appeared in the clinical context, mak-
ing our results generalizable to patients. We used
a specialized diagnostic center with considerable
cancer gene testing expertise to conduct an exhaus-
tive and practical cancer gene study. Patients were
referred to our clinic from many different regions
of Turkey. Although sometimes it was impossible
to test all the family members at risk, a limitation
we encountered, genetic counseling was done.

Our study gives a novel insight into the diagnosis
of patients suspected of having LS. Testing with
gene panels is essential to identify patients at a high
risk of cancer. Our data demonstrate that BRCA1-
2 mutations are associated with an increased risk
for familial cancers and should be considered
when ordering genetic testing for individuals with
a personal or family history of cancer, particularly
colorectal cancer. In any genetic cancer panel per-
formed for a patient with a history suspected of
Lynch syndrome or HBOC, the BRCA1-2 analysis
should be considered. Further research could shed
light on DNA repair genes’ unique carcinogenesis
roles. Large cohorts are needed to detect and clari-
fy the critical founder mutations. A more thorough
assessment of cancer genetics studies would be es-
sential to strengthen patient risk assessment, prog-
nosis, and treatment decisions.
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