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Abstract

Objectives: The aim was to point out the importance of the diagnosis rate of breast cancer (BC) by analyzing the cancer
predisposition genes except BRCA1/2 with multigene testing.

Methods: In this study, 232 non-BRCA cases with BC and/or BC family history (FH) were analyzed using the next-gen-
eration sequencing method.

Results: Twenty-two different pathogenic/likely pathogenic variants were determined in 24 (10.34%) of cases, and
these variants were detected in the CHEK2 (7/24, 29.1%), ATM (5/24, 20.8%), MUTYH (3/24, 12.5%), BLM (2/24, 8.3%),
WRN (2/24, 8.3%), TP53 (1/24, 4.1%), BRIP1 (1/24, 4.1%), MSH2 (1/24, 4.1%), NBN (1/24, 4.1%), and PTEN (1/24, 4.1%)
genes including three novel variants which were identified in the BLM, ATM, and MSH2 (3/22, 13.6%) genes. Fourteen of
24 (58.3%) cases had BC diagnosis, and 10 of 24 (41.6%) cases had a FH of BC.

Conclusion: Among non-BRCA BC and/or BC FH cases, cancer susceptibility gene frequency was 10.34% in this study.
CHEK2 and ATM genes had relatively high mutation rates.
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Epidemiological studies have shown that family history
(FH) is the most important risk factor in breast cancers
(BCs).I" Although the majority of BC is sporadic cases, famil-
ial BC occurs at a rate of 5%-10% with hereditary causes.”
Hereditary BCs occur 5-15 years earlier than sporadic cas-
es. Many genes are involved in the development of BC, but
mutations of some genes that are responsible for heredi-
tary BCs, especially those that function in the maintenance
of genome stability, have been shown.®’ BRCAT and BRCA2
genes have been found as susceptibility genes for BC with

high penetration, which are observed in hereditary BC.
Women who include germ cell mutations in these genes
have a high risk of developing BC at some time in their
lives. Germ cell mutations in the BRCAT and BRCA2 genes
have been shown in many studies as high-risk factors for
BC.! These two genes, which still carry the most severe
mutations for familial BC, are at the forefront of mutation
analysis in BC risk determination. Apart from these two
genes, it is known that there are other genes that cause
breast and ovarian cancer.” The new genes detected in
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these studies have also been associated with BC and have
been added to clinical BC research as new mutations. First
of all, CDH1, PTEN, STK11, and TP53 gene mutations were
among these genes, and later genes such as ATM, BARDI,
CHEK2, and PALB2 with functions similar to BRCAT and
BRCA2 were started to be analyzed. In addition to all these,
candidate genes thought to play a role in BC (e.g., CDKN2A,
MEN1, MLH1, MSH2, MSH6, and MUTYH) were added to in-
crease the number of mutations examined.”

With rapidly developing technology in recent years, new
generation devices have been produced, and many pan-
el-based genes have begun to be analyzed simultaneously
with the next-generation sequencing (NGS) method. The
ultimate goal of panel-based genetic tests is to provide the
highest level of care and treatment approaches that can be
given to cancer patients and their relatives.®! This situation
aims to prevent cancer formation among unaffected family
members, especially in the evaluation of contralateral BC
risk and evaluation of other cancers with a high probability
of occurrence (e.g., ovarian, colorectal, pancreatic cancers).

To date, however, the prevalence of germline pathogenic/
likely pathogenic variants in non-BRCA genes is partially
investigated in breast/ovarian cancer, and available data
about these genetic risk factors in cancer are still poor. The
aim of the current study was to present the prevalence of
non-BRCA1/2 genes in breast/ovarian cancer cases from Is-
tanbul, Turkey, and evaluate the clinical utility of multigene
panels.

Methods

Study Population

The patient files of 254 cases with breast/over cancer and/
or hereditary breast/over cancer history (from October 15,
2018, to December 31, 2020) were reviewed in the medi-
cal genetics department. Twenty-two cases had a BRCA1/
BRCA2 pathogenic variant and were excluded. The remain-
ing 232 patients were included in our study. Clinical infor-
mation was obtained through the patient’s clinical chart.
For the FH, data were obtained from pedigrees. The genet-
ic testing was applied according to the American National
Comprehensive Cancer Network (NCCN) guidelines.

The cases were evaluated in two different clinical defini-
tions: (1) BC history and (2) BC FH. If the case had not any di-
agnosis of breast/over cancer, but has one or more first- or
second-degree relatives with breast/over cancer, then this
case was called “positive FH"). These cases were tested in
a medical genetics clinic and had the analysis of germline
cancer predisposition genes. After examining file records,
FH was reviewed for each case. NCCN guidelines were used

to predict the prognosis of a case carrying a germline mu-
tation of cancer predisposition genes.

This study is approved by the Ethical Committee of our uni-
versity with decision number 168/2021 and performed in
consonance with the principles of the Declaration of Hel-
sinki. The written informed consent forms were obtained
from the cases and/or families.

Targeted NGS Panel and NGS Data Analysis

Two 2 mL of peripheral blood samples of patients were col-
lected to EDTA-containing tubes. Genomic DNA was isolat-
ed using MagPurix® Blood DNA Extraction Kit (Zinexts, New
Taipei, Taiwan). Quality control of the isolated DNA sam-
ples was checked using SpectraMax i3x (Molecular Devic-
es, California, USA). Samples that have an A260/280 value
between 1.8 and 2.0 were included. Low-quality samples
were reextracted from stored blood samples.

Fastq generation was performed on lllumina Nextseq 500
platform (lllumina, Inc., San Diego, CA, USA). Libraries cov-
ering the target genes were prepared according to the
TruSight Cancer Panel protocol (Illumina, Inc., San Diego,
CA, USA). Following the target enrichment process, librar-
ies were sequenced on the lllumina Nextseq 500 platform
(Ilumina, Inc., San Diego, CA, USA).

TruSight® Cancer Sequencing Panel (lllumina, Inc., San Di-
ego, CA, USA) and a custom panel (23 genes) were used ac-
cording to the manufacturer’s instructions for NGS. Target-
ed gene panel 1 included ATM, BLM, BRCA1, BRCA2, BRIP1,
CDH1, CHEK2, EPCAM, FANCC, MENT, MLH1, MSH2, MSHe6,
MUTYH, NBN, PALB2, PMS2, PTEN, RAD51C, RAD51D, STK11,
TP53, and XRCC2 (23 genes) genes, and panel 2 included
AIP, ALK, APC, ATM, BAP1, BLM, BMPR1A, BRCAI1, BRCA2,
BRIP1, BUB1B, CDC73, CDH1, CDK4, CDKN1C, CDKN2A, CEB-
PA, CEP57, CHEK2, CYLD, DDB2, DICERT, DIS3L2, EGFR, EP-
CAM, ERCC2, ERCC3, ERCC4, ERCCS, EXT1, EXT2, EZH2, FANCA,
FANCB, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FAN-
CL, FANCM, FH, FLCN, GATA2, GPC3, HNF1A, HRAS, KIT, MAX,
MENT, MET, MLH1, MSH2, MSH6, MUTYH, NBN, NF1, NF2,
NSD1, PALB2, PHOX2B, PMS1, PMS2, PRF1, PRKAR1A, PTCH1,
PTEN, RAD51C, RAD51D, RB1, RECQL4, RET, RHBDF2, RUNX1,
SBDS, SDHAF2, SDHB, SDHC, SDHD, SLX4, SMAD4, SMARCBI1,
STK11, SUFU, TMEM127, TP53, TSC1, TSC2, VHL, WRN, WTI,
XPA, and XPC (94 genes) genes.

All variants classified according to our pipeline as likely
pathogenic or pathogenic were confirmed by convention-
al capillary Sanger sequencing. For this, the genomic DNAs
were amplified by PCR, purified with the enzyme Exosap-IT
(USB) and Big Dye X terminator kit (Applied Biosystems),
and sequenced bidirectionally using the 3500XL platform
(Applied Biosystems).
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NGS Data Analysis

Alignment to the reference genomes (hg19 for humans)
was performed using Burrows-Wheeler Aligner. The iden-
tified variants were functionally annotated using ANNO-
VAR. Variants were visually examined using Integrative Ge-
nomics Viewer 2.8.13 (https://software.broadinstitute.org/
software/igv/). Recommendations of the Human Genome
Variation Society® were followed to describe the novel
variants, and ACMG’s 2015"% guidelines were followed for
the classification of all the variants. ClinVar"" and literature
studies are considered for collecting information about
known variations.

Results

A total of 232 cases with breast/ovarian cancer and/or
breast/ovarian cancer FH, who satisfied the NCCN testing
criteria for the multigene panel and excluded BRCA1/2
pathogenic/likely pathogenic variants, were included in
this study. Among these 232 patients with breast and/or
ovarian cancer, 44.82% (104/232) had their primary cancer
diagnosis at age 45 years or younger. Of these 232 patients,
122 (52.58%) had at least one first-degree relative affected
with breast or ovarian cancer. Most of the tested individuals
were female, comprising 99.1% (230/232) of the total. The
majority of the breast tumors were invasive ductal carcino-
mas with a range of 83.1% (193/232). HER2, estrogen, and
progesterone receptor status were available for a subgroup
of 127/232 (54.7%) of BC patients, of which 27/148 (18.2%)
had triple-negative BC (TNBC). Among the mutation-posi-
tive cases, 62.5% (15/24) had been evaluated for BC history,
37.5% (9/24) had been evaluated for having BC FH.

The median age at diagnosis was 39 years (range 27-70
years) among 24 cases who had germline mutations.
Among these 24 patients (24/232, 10.34%) with 22 different
pathogenic/likely pathogenic germline variants, the major
mutant non-BRCA genes were CHEK2 (n=7), ATM (n=5), and
MUTYH (n=3). Other pathogenic/likely pathogenic vari-
ants were in the BLM (n=2), WRN (n=2 sisters), TP53 (n=1),
BRIP1 (n=1), MSH2 (n=1), NBN (n=1), and PTEN (n=1) genes.
We identified three novel pathogenic/likely pathogenic
variants that were never reported before, including BLM
c.572_573delGA, ATM ¢.7629+1G>T, and MSH2 c.908A>G
(Table 1). Cases 20 and 23, who have the same variant in
CHEK2 gene, were not related. Fourteen of 24 (58.3%) cases
had BC diagnosis, 10 of 24 (41.6%) cases had a FH of BC.
CHEK2 mutated four patients had BC diagnosis, and 3 cases
had a FH of BC. ATM mutated 4 patients had BC diagnosis
and 1 case had a FH of BC. MUTYH mutated 1 patient had
BC diagnosis and 2 cases had a FH of BC. The distribution of
BC diagnosis and positive FH of BC were not significantly

different in gene mutations.

Besides breast/ovarian cancer, lung cancer (n=3, three fam-
ilies), colon cancer (n=2, two families), brain cancer (n=3,
three families), osteosarcoma (n=1, 1 family), thyroid can-
cer (n=1, 1 family), gastric cancer (n=1, 1 family), bladder
cancer (n=1, 1 family), liver cancer (n=1, 1 family), leukemia
(n=1, 1 family) lymphoma (n=1, 1 family), and endometri-
um cancer (n=1, 1 family) were also observed.

Discussion

The present study demonstrated that about 10.3% of Turk-
ish breast/over cancer patients who were previously test-
ed BRCA-negative could have been diagnosed as mutated
with multigene testing. Our study contributed also to the
knowledge of pathogenic/likely pathogenic germline vari-
ants in multiple cancer susceptibility genes in the Turkish
population. In total, 232 consecutive individuals with per-
sonal or FH of breast and/or ovarian without pathogenic/
likely pathogenic variants in BRCAT and BRCA2 genes were
analyzed (Table 2).

BC is the most common type of cancer and the most com-
mon mortal malign disease in women, and its incidence
increases with age. It is in the first place among cancers
seen in women with a rate of 24.1%.0'? Positive FH is an im-
portant risk factor for BC. It is stated that a person with a
first-degree relative with BC has a 1.8-fold risk of develop-
ing BC, and in the presence of two first-degree relatives, this
risk increases 2.9-fold. If the relative with BC is diagnosed
before the age of 30 years, the risk increases 2.9 times, and
if diagnosed after the age of 60 years, the risk increases 1.5
times."™® In the current study, 54.16% (13/24) had BC FH,
and 37.5% (9/24) had other cancer family histories of our
cases. The incidence of BC under 40 years of age in Turkey
is reported as 20%.'" A study from Turkey reported that
31% of BC is seen in women between the ages of 40 and
50 years and 20.2% in women under the age of 40 years.'®
In our study, the percentage of primary cancer diagnosis
under 45 years was 44.82% and under 40 years was 59%.
A high percentage of our cases had been diagnosed at a
younger age. In an invasive BC cohort study, including 54
555 cases, the mean age was 49.5 years for patients with a
single primary breast tumor.['™

In hereditary BC, BRCAT and BRCA2 genes, which encode
proteins involved in maintaining genome continuity and
DNA repair mechanisms, are indicated as susceptibility
genes to BC with high penetration. Itis stated that the risk of
developing BC varies between 45% and 65% in cases with
germline mutations in these genes by the age of 70 years.
iél 1t has been known that there are BC susceptibility genes
except BRCA1/2. In the current study, we identified non-
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dbSNP  Gene panel*
rs786201057
15142763740
1554898097
EPCAM, ERCC2,

Pathogenic
(PM1, PM2, PM5, PP2, PP3)
Pathogenic
(PVS1, PM2, PP3, PP5)

Pathogenicity
D, DDB2, DICER1, DIS3L2, EGFR,

Likely pathogenic
(PM1, PM2, PM5, PP2, PP3, PP5)

’ 7

Protein
p.(Thr86Met)
p.(Thr476Met)
p.(Trp111Ter)

y

):¢.257C>T
):c.1427C>T
):c.333G>A

Variant

b

NM_007194.4
NM_000314.8

(
(

NM_001276760.2

(

4

Gene
TP53
CHEK2
PTEN

7

7

’

BRCAT, BRCA2, BRIP1, BUB1B, CDC73, CDH1, CDK4, CDKN1C, CDKN2A, CEBPA, CEP57, CHEK2, CYL

Father - leukemia
cyst/cancer?
Brother — lymphoma;
cousin — endometrium
cancer

Affected family member
Mother - ovarian

Unilateral BC
(left)
BC
Bilateral BC

MUTYH, NBN, NF1, NF2, NSD1, PALB2, PHOX2B, PMS1, PMS2, PRF1, PRKAR1A, PTCH1, PTEN, RAD51C, RAD51D, RB1, RECQL4, RET, RHBDF2, RUNX1, SBDS, SDHAF2, SDHB, SDHC, SDHD, SLX4, SMAD4,

ERCC3, ERCC4, ERCC5, EXT1, EXT2, EZH2, FANCA, FANCB, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCL, FANCM, FH, FLCN, GATA2, GPC3, HNF1A, HRAS, KIT, MAX, MEN1, MET, MLH1, MSH2, MSH6,
SMARCB1, STK11, SUFU, TMEM127, TP53, TSC1, TSC2, VHL, WRN, WT1, XPA, and XPC (94 genes).

*Panel 1: ATM, BLM, BRCA1, BRCA2, BRIP1, CDH1, CHEK2, EPCAM, FANCC, MENT, MLH1, MSH2, MSH6, MUTYH, NBN, PALB2, PMS2, PTEN, RAD51C, RAD51D, STK11, TP53, and XRCC2 (23 genes).

Case/gender/age Test indication
Panel 2: AIP, ALK, APC, ATM, BAP1, BLM, BMPR1A,

Table 1. CONT.

22/F/39
23/F/40
24/F/42

BRCA1/2 twenty-one different pathogenic/likely patho-
genic germline variants in cancer susceptibility genes. Sim-
ilar studies reported different frequencies of non-BRCA1/2
pathogenic germline variants as 10%, 14%,'" 12.3%,"8
3.97%,"" and 4.9%.2% Another study including only un-
der 40 years of age and non-BRCA1/2 BC patients reported
11% pathogenic/likely pathogenic variants in the cancer
susceptibility genes.?" With the rate of 10.34%, our study
showed a similar rate for non-BRCA1/2 pathogenic variants
compared with other populations.

We analyzed cancer susceptibility genes with two different
targeted gene panels (23 genes and 94 genes panels). In a
study, whole exome sequencing (WES) was applied to iden-
tify new breast and/or ovarian cancer predisposition genes
in 52 non-BRCA1/BRCA2/TP53 mutation carrier women at
high risk for hereditary breast and ovarian cancer.?? The
pathogenic variants were identified in CHEK2, MUTYH,
PMS2, RAD51C, FAN1, POLQ, RAD54L, DROSHA, and SLC34A2
genes.”? The largest gene panel included 94 genes in our
study and we identified the pathogenic variants in CHECK2,
ATM, MUTYH, BLM, WRN, TP53, BRIP1, MSH2, and NBN genes
with three novel variants. This result may be due to the rela-
tively high case number of our study (232 cases) compared
with this study (52 cases). The most frequent pathogenic
variants were in CHEK2 gene in both our study and this
WES study. With larger gene panels or with whole exome
sequencing, new cancer susceptibility genes will be iden-
tifiable.

The most frequent non-BRCA1/2 cancer susceptibility
genes were MUTYH and PTCH1 in China,’® CHEK2, ATM, and
PALB2 in Germany,! CHEK2 and ATM genes in the USA.
21 Qur study, presenting Turkey population frequencies,
identified the most frequent non-BRCA1/2 pathogenic vari-
ants in CHEK2, ATM, and MUTYH, showing similarities and
differences with these studies. A study from China evalu-
ating germline variants of 16 DNA repair genes (ATM, BLM,
CHEK2, FANCC, MER1T1A, MLH1, MSH2, MSH6, MUTYH, NBN,
PALB2, PMS2, RAD50, RAD51C, RAD51D, and TP53) deter-
mined 3.4% frequency.”” The most frequent mutations
were in PALB2, TP53, ATM, and RAD51D genes® different
from our study except ATM frequency. In Cyprus, the fre-
quency of non-BRCA cancer susceptibility genes was re-
ported as 4.9% in TNBC patients with the most frequent
mutated gene PALB2.1"

The most frequent pathogenic variants were in the CHEK2
gene in our study similar to Felicio et al's study.?? CHEK2
protein is a serine/threonine kinase and is a transmission
protein in the DNA damage checkpoint pathway.?) DNA
repair begins as a result of CHEK2 protein phosphory-
lating the BRCA1 protein serine 988 (S988) amino acid.
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Gene panel*

Affected family member

Test indication

Age

Gender

Table 2. CONT.
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> CHEK2 protein also phosphorylates FOXM1 (forkhead box
°z°§ M1) which is a transcription factor, increasing its stability.
A gEQ FOXM1 transcription factor, on the other hand, increases
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BLM, ATM, and MSH2 genes were identified in the current
study. This is a cross-sectional study from Istanbul, which
is a city demonstrating general Turkey demographic fea-
tures, which reports the non-BRCA1/2 gene frequencies,
and which suggests that targeted gene analysis increases
the diagnosis rate in cases with personal and/or FH of BCs.
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