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Abstract

Aim: The study aimed to investigate germline PALB2
gene variants in 1056 cancer patients in Tirkiye,
selected based on the National Comprehensive Cancer
Network guidelines for genetic/familial high-risk
assessment related to breast, ovarian, and pancreatic
cancer.

Materials and Methods: The next-generation
sequencing analysis of genomic DNA was performed
using a Sophia Hereditary Cancer Solutions Panel for
PALB?2 gene mutation screening.

Results: The PALB2 genetic variants were detected in
48 patients, including 20 patients with pathogenic or
likely pathogenic variants and 28 patients with variants
of uncertain significance. The most common PALB2
mutations were the frameshift mutations c.557dupA
p-(Asn186Lysfs*4) and ¢.509 _510del
p-(Argl70Ilefs*14), found in 0.57% and 0.28% of
patients, respectively.

Conclusion: The findings of the study emphasize the
importance of PALB2 gene analysis for breast cancer
predisposition in Tiirkiye.

Keywords: PALB2, Germline mutations, Hereditary
cancer risk factor.

Oz

Amag: Calismada, meme, yumurtalik ve pankreas
kanseri ile ilgili genetik/ailesel yiliksek risk
degerlendirmesi i¢in Ulusal Kapsamli Kanser Agi
kilavuzlarina gore secilen, Tiirkiye'deki 1056 kanser
hastasinda germline PALB2 geni varyantlarinin
arastirilmasi amaglandi.

Gereg ve Yontem: PALB2 geni mutasyon taramasi igin
Sophia Kalitsal Kanser Coziimleri Paneli kullanilarak
genomik DNA'nin  yeni nesil dizileme analizi
gerceklestirildi.

Bulgular: PALB2 genetik varyantlari, 20 hastada
patojenik veya muhtemel patojenik varyant ve 28
hastada belirsiz oneme sahip varyantlara sahip olmak
tizere toplam 48 hastada tespit edildi. En yaygin PALB2
mutasyonlari, hastalarin sirasiyla %0,57 ve %0,28'inde
bulunan c.557dupA p-(Asn186Lysfs*4) ve
c.509 510del p.(Argl70Ilefs*14) g¢ergeve kaymasi
mutasyonlariydi.

Sonug: Arastirma bulgulari, Tiirkiye'de meme kanseri
yatkinlig1 agisindan PALB2 gen analizinin &nemini
vurgulamaktadir.

Anahtar Kelimeler: PALB2; Germline mutasyonlar;
Kalitsal kanser risk faktorii.
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PALB?2 gene mutations in cancer patients.

Introduction

Repairing of the DNA double-strand breaks
(DSBs) by homologous recombination (HR)
prevents cancer development. Hereditary
pathogenic variants (PV) and likely pathogenic
variants (LPV) of BRCAI and BRCA?2 are the
major genetic causes of increased risk of
breast, ovarian, and pancreatic cancers'.
Genetic mutations in these genes are
responsible for 20% of the inherited breast
cancer?. ATM,
CHEK?2, and PALB?2 are involved in DNA
damage response (DDR) which causes
hereditary breast and ovarian cancer (HBOC)?.

The PALB2, has 1186 amino acids,
including a core coiled-coil motif and amino-
terminal WD40 repeats®, and is known as a
BRCA-interacting protein®. It acts as a scaffold
in forming the ‘BRCA complex’ involved in
homologous recombination repair’. Cells with
defective BRCA1-PALB?2 interaction display
impaired homologous recombination’.
Impaired homologous recombination repair
causes genomic instability and carcinogenesis
in BRCAI, BRCA2, and PALB2 mutation
carriers.

Biallelic mutations in PALB2, similar
to BRCA2, are associated with Fanconi
anemia®, whereas monoallelic truncating
mutations increase the risk of developing
pancreatic, breast, and ovarian cancer’. Early
research has indicated that individuals having
pathogenic germline variants in
the PALB2 gene are at higher risk for breast
cancer, with estimated penetrance up to 70%
based on family history and diagnosis age®”.
Also, germline pathogenic variants (PVs)
in PALB2 have been detected in individuals
with ovarian and pancreatic cancer'®!!,

The germline PV/LPV spectrum of the
PALB?2 gene may differ among various global
regions due to variations in ethnicity, lifestyle,
and reproductive behaviors. These differences
have sparked our curiosity to thoroughly
comprehend the occurrence and diversity of
PALB? gene variants within the Turkish cancer
cohort. However, the range of PALB2
mutations in Tiirkiye is still poorly understood.
Therefore, in the present study, we aimed to
investigate the PV/LPV and the variant of
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unsignificance (VUS) in PALB2 genes in
Turkish cancer patients which were selected
based on the inclusion criteria established in
the NCCN Guidelines for Genetic/Familial
High-Risk Assessment concerning breast,
ovarian, and pancreatic cancer'’. The
discovery of the recurrent PALB2 PV/LPV and
VUS may improve our understanding of their
role in various cancer risks. This data can be
used to develop optimal prevention and
treatment  strategies  for PALB2 mutation
carriers in Tirkiye.

Materials and Methods
Selection/Description of the patients

The Clinical Research Ethics Committee of
Istanbul University authorized the current
research on 17.03.2023 with the approval
number 2023/500 following the Declaration of
Helsinki'®. The pathology report evaluated for
tumor parameters such as diagnosis, receptor
status, and histological grades. Before the
study, all patients signed an informed written
consent form. The study included 1056 cancer
patients and was presented by the Department
of Cancer Genetics at Istanbul University,
Tiirkiye. The NCCN Guidelines
Genetic/Familial ~ High-Risk  Assessment:
Breast, Ovarian, and Pancreatic'? were used as
inclusion criteria in the study.

Technical information
PALB?2 mutation screening

The blood samples were first processed
using the Ficoll (Sigma-Aldrich, Darmstadt,
Germany) procedures for lymphocyte
isolation. The DNA of lymphocyte pellets was
assessed using the QIAamp DNA micro kit
(Qiagen, Hilden, Germany) in accordance with
the kit protocol. The DNA concentration was
assessed using the NanoDrop 2000c
Spectrophotometer (NanoDropT, DE, USA).
[Mlumina's MiSeq® platform (Illumina, Ca,
USA) was used to screen all coding exons of
the PALB?2 gene to summarize the patterns of
genetic variations and frequencies of the gene,
and the Sophia Genetics DDM analysis
(Illumina, CA, USA) was used. For library
construction, the Sophia Hereditary Cancer
Solutions 59 gene (Sophia Genetics, Boston,
USA) kit was used in accordance with the
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manufacturer's  instructions. The  next-
generation sequencing (NGS) technique was
applied via the MiSeq platform by Illumina.

The next generation sequencing

[Mlumina’s MiSeq® platform (Illumina, Ca,
USA) was used to screen all coding exons of
the PALB2 gene to summarize the patterns of
genetic variations and frequencies of the gene
and Sophia Genetics DDM analysis (Sophia
Genetics, Boston, USA). During the research,
the NGS pipeline utilized the Illumina MiSeq
platform and Sophia Genetics DDM analysis,
both of which were previously established
methods (Illumina, San Diego, CA, USA)'.

Sequencing

DNA libraries were prepared and subjected
to NGS during the study using the Illumina
MiSeq platform (San Diego, California, USA).
The Illumina MiSeq Reagent Kit v3 (600-
cycle) was used for the sequencing. For library
construction, the Sophia Hereditary Cancer
Solutions 59 gene (Sophia Genetics, Boston,
USA) kit was used following the
manufacturer's instructions. The DNA was
denatured and diluted with 0.2 N NaOH at a
concentration of 2 nM. The library was then
further diluted to a final concentration of 10
pM using a Prechilled HTI buffer.
Additionally, 6% of PhiX Control v3 (Ilumina,
San Diego, CA, USA) was added to create a
spiked library.

Genetic analysis

The genetic analysis was performed using
the Sophia DDM analysis program. For variant
calling and alignment of sequences to the
reference genome (GRCh37/hgl19), the Sophia
Genomic Alignment and Variant Calling
software was utilized. Specifically, Sophia
DDM software (Sophia Genetics, Ecublens,
Switzerland) was employed for independent
read alignment and variant calling. The variant
call files generated were further analyzed and
filtered using VariantStudio software by
[llumina and Sophia DDM software.

Genome interpretation using in silico
predictors

The web-based algorithms were employed
to assess the potential impact of identified
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nonsynonymous PALB2 germline variants on
protein function. These algorithms included
the databases such as dbSNP', G1000'°,
GnomAD!7, SIFT!'®, POLYPHEN2",
MUTATION TASTER?, ClinVar®!, and
HGMD?,

Variant classification

The classification of variants involved an
assessment of findings from the ClinVar®! and
HGMD?? databases, alongside adherence to
the sequencing/sequence variants
classification guidelines set forth by the
American College of Medical Genetics and
Genomics (ACMG) and the Association for
Molecular Pathology (AMP)*". In the
ACMG/AMP guidelines, the only criterion
designated with very strong strength level for
pathogenicity is defined as “null variant
(nonsense, frameshift, canonical =1 or 2 splice
sites, initiation codon, single or multi-exon
deletion) in a gene where loss-of-function
(LoF) is a known mechanism of disease”?*. In
this study, the identified causal variants were
categorized into three groups: variant of
unsignificance, likely pathogenic, and
pathogenic based on the ACMG criteria. The
missense mutations obtained in the study were
suggested to have disease-causing effects
based on in silico analysis programs. However,
they were classified as VUS due to insufficient
evidence supporting their disease-causing
effects according to the ACMG criteria.
Conducting functional studies on the detected
VUS and evaluating their impact in terms of
benign or pathogenicity will significantly
enhance the accuracy of variant classification.

Clinicopathologic features

We evaluated the clinicopathologic
characteristics by referencing the pathology
reports in the patient's clinical records. These
reports provided data on the clinical stage and
histologic grade of cancer patients.

Results
NGS analysis

In the present study, PALB2 variant analysis
was conducted among BRCA1/2 non-mutant
1056 patients who presented to our clinic for a
genetic testing (828 breast cancer patients, 97
ovarian cancer patients, 19 endometrial cancer
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patients, 26 pancreatic cancer patients, 56 colon cancer patients and 30
prostate cancer patients).

Among the investigated patients, PV/LPV or VUS were detected in
the PALB?2 gene in forty-one breast cancer patients (41/828), four ovarian
cancer patients (4/97), one endometrial cancer patient (1/19), one
pancreatic cancer patient (1/26), one prostate cancer patient (1/30).
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The causal variants found in the study were classified following the
variant classification guidelines determined by the ACMG. In total, 20
patients (20/1056; ~1.9%) had at least one PV/LPV variant (13 different
mutations) (Table 1), and 28 patients (28/1056; ~2.7%) had a VUS (23
different variants) (Table 2). In terms of PALB2 VUS, we found 28
patients with 23 different PALB2 VUSs.

Table 1. Pathogenic and likely pathogenic PALB2 variants and their risk assessment among cancer patients in Tiirkiye in this study (PALB2 / TRANSCRIPT: NM_024675.3 / REFERENCE

GENOM: GRCh37/hg19 Chromosome:16)

Nucleotide Amino acid change  Impact dbSNP GnomAD Freq. POLYPHEN2 SIFT Mut. ClinVar HGMD
substitution number Tast. Clinical Sig.
c.1692 1698 p.(His567Lysfs*13) frameshift N/A N/A N/A N/A N/A No Data Not reported
dup
c.1704 1707 p.(Lys569Argfs*29)  frameshift rs1060502759 N/A N/A N/A N/A pathogenic Disease causing mutation
delAAAA Breast cancer risk
c.172 175 delTTGT  p.(GIn60Argfs*7) frameshift rs180177143 0.000036 N/A N/A N/A pathogenic Disease causing mutation
Pancreatic cancer risk
¢.1960 1961 insC p-(lle654Thrfs*9) frameshift N/A N/A N/A N/A N/A No Data Not reported
¢.1967dupC p.(Glu657Argfs*6) frameshift N/A N/A N/A N/A N/A No Data Not reported
c.211+1G>T p-(?) splice_donor +1 1s1555462026 N/A N/A N/A 1.0 likely Disease causing mutation
pathogenic Breast cancer risk
c.2368C>T p-(GIn790%*) nonsense rs886039480 N/A N/A N/A 1.0 pathogenic Not reported
c.2587-1G>C p-(?) splice_acceptor-1 rs761214886 0.000004 N/A N/A 1.0 likely Disease causing mutation
pathogenic Breast and/or ovarian
cancer risk
c.3256 C>T p-(Arg1086%*) nonsense rs587776527 0.00002 N/A N/A 1.0 pathogenic Disease causing
mutation?
Pancreatic cancer risk
¢.390 391insT p-(Argl31%) nonsense N/A N/A N/A N/A N/A likely Disease causing mutation
pathogenic Breast cancer risk
c.481 482del p-(Asp161Leufs*6) frameshift rs1597099149 N/A N/A N/A N/A pathogenic Disease causing mutation
Breast and/or ovarian
cancer risk
¢.509 510del p-(Argl70Ilefs*14) frameshift rs515726123 0.000014 N/A N/A N/A pathogenic Disease causing mutation
Breast Cancer Risk
¢.557dupA p-(Asn186Lysfs*4) frameshift 181555461727 N/A N/A N/A N/A pathogenic Disease causing mutation

Breast Cancer risk

Freq: Frequency, Mut.Tast: Mutation Taster, Sig: Significance, HGMD: The Human Gene Mutation Database, N/A: Not Applicable
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Table 2. PALB?2 variants of unsignificance (VUS) and their risk assessment among cancer patients in Tiirkiye in this study.

ADYU Saglik Bilimleri Derg. 2023;9(3):169-181.

Nucleotide Amino acid change  Impact dbSNP GnomAD Freq. POLYPHEN2 SIFT Mut. Tast. ClinVar HGMD

substitution number Clinical Sig.

c.1001A>G  p.(Tyr334Cys) missense rs200620434 0.00006 0.03 0.83 0.0 uncertain sig.  Disease-causing
mutation?

Colorectal cancer

suscept.
c.1163C>T p.(Pro388Leu) missense rs1597096898 N/A 0.04 0.9 0.0 uncertain sig.  Not reported
c.121G>A p.(Ala41Thr) missense N/A N/A 1.0 1.0 0.76 No Data Not reported
c.1298T>C p.(Leu433Ser) missense 151597096465 N/A 0.797 0.999 0.094 uncertain sig.  Not reported
c.13C>T p-(Pro5Ser) missense rs377085677 0.00004 0.027 0.423 0.0 uncertain sig.  Disease-causing

mutation? Breast
cancer risk
c.1408A>G  p.(Thr470Ala) missense rs150636811 0.00001 0.006 0.551 0.0 uncertain sig.  Not reported
c.1448C>T p.(Serd83Leu) missense rs1057520736 0.00001 0.999 0.883 0.004 uncertain sig.  Disease causing
mutation? Cancer
pred. syndrome
c.1867A>G  p.(Lys623Glu) missense rs1966864669 N/A 0.927 1.0 0.125 uncertain sig.  Not reported
c.194C>T p-(Pro65Leu) missense 1562625272 0.00004 0.003 0.505 N/A uncertain sig.  Disease causing
mutation?

Breast cancer risk
c.2113T>A  p.Tyr705Asn missense N/A N/A 0.253 1.0 0.022 uncertain sig. Not reported
c.2974A>C  p.(Met992Leu) missense rs1555459522 N/A 0.013 0.755 0.04 uncertain sig. Not reported
c.307G>C p-(Gly103Arg) missense N/A N/A 0.053 0.973 0.0 No Data Not reported
c.3073G>A  p.(Alal1025Thr) missense rs746872839 0.00001 0.403 0.953 0.999 uncertain sig.  Disease causing

mutation?

Cancer pred.

syndrome
c.3122A>C  p.(Lys1041Thr) missense rs781663559 N/A 0.17 0.986 0.9954 uncertain sig.  icease causing

mutation?

Cancer pred.

syndrome
c.315G>C p-(Glul05Asp) missense rs515726108 N/A 0.027 0.978 0.0 uncertain sig. Disease causing

mutation?

Breast cancer risk,

male
c.3201+4del  p.(?) splice donor +4  rs1555458807 N/A N/A N/A 0.0 uncertain sig.  Not reported
c.3203G>A  p.(Glyl1068Glu) missense rs759587160 N/A 1.0 0.997 0.999 uncertain sig.  Not reported
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¢.3306C>G  p.(Serl1102Arg) missense rs515726112 N/A 0.609 0.989 0.0 uncertain sig.  Disease causing
mutation?

Breast cancer risk
c.3529G>A  p.(Aspl177Asn) missense N/A N/A 0.252 0.753 0.94 No Data Not reported
c.758T>C p.(Leu253Pro) missense N/A N/A 0.0 0.939 0.0 uncertain sig.  Not Reported
c.814G>A p.(Glu272Lys) missense rs515726127 0.00001 0.107 0.646 0.0 uncertain sig.  Disease causing

mutation?

Breast and/or ovarian

cancer risk
c.833 834 p.(Leu278His) missense rs587778582 N/A N/A N/A N/A uncertain sig.  Disease causing
delinsAT mutation?

Cancer pred.

syndrome
c.91A>G p.(Thr31Ala) missense rs1967110664 N/A 0.997 1.0 0.585 uncertain sig.  Not Reported

Freq: Frequency, Mut.Tast: Mutation Taster, Sig: Significance, HGMD: The Human Gene Mutation Database, N/A: Not Applicable, pred: predisposition, sust: susceptibility

All breast cancer patients with PALB2 mutation, had invasive-ductal
breast cancer (100%), with 85% being hormone receptor-positive.
Triple-negative histology was 15% among PV/LPV carriers. In terms of
tumor grade, patients had grade 1 (5%) or grade III (30%) tumors, and
the majority were at stage II (65%). Except for one patient, all

investigated patients who were found to contain the PV/LPV had cancer
in the first/second/third-degree relatives. The clinical features of PALB?2
mutant breast cancer patients are presented in Table 3. Additionally, 95%
of PALB2 mutation-carrier breast cancer patients had at least one relative
diagnosed with cancer (Table 4).

Table 3. Clinico-pathologic features of Turkish breast cancer patients with PALB2 PV/LPV detected in this study.

Nucleotide substitution  Age at Diag. St. Gr. His. Sub. ER PR HER?2 Node Inv. TNBC Met Status
c.1692 1698dup 38 111 3 IDC Pos. Neg Neg Yes No Yes Alive
c.1704 1707del 42 11 2 IDC Pos. Pos Neg Yes No No Alive
c.172 175del 39 11 2 IDC Pos. Pos Neg No No No Alive
c.1960 1961insC 43 111 3 IDC Pos. Pos. Neg No No No Alive
¢.1967dupC 42 11 2 IDC Pos. Pos. Pos Yes No No Alive
c.211+1G>T 67 11 2 IDC Neg. Neg Neg Yes Yes No Alive
c.2368C>T 44 11 2 IDC Pos. Pos Neg No No No Alive
c.2587-1G>C 40 I 3 IDC Neg. Neg Neg No Yes No Alive
c.3256 C>T 40 11 2 IDC Pos. Pos Neg No No No Alive
c.390 391insT 51 11 3 IDC Pos. Neg. Pos. No No No Alive
c.481 482del 39 I 3 IDC Pos. Pos Neg No No Yes Alive
c.509 510del 50 11 2 IDC Pos. Pos. Pos. Yes No Yes Alive
c.509 510del 36 11 2 IDC Pos. Pos. Neg. Yes No Yes Alive
c.509 510del 24 I 1 IDC Pos. Pos. Pos. No No No Alive
c.557dupA 45 11 1 IDC Pos. Pos. Pos. No No No Alive
c.557dupA 31 I 3 IDC Neg. Neg. Neg. Yes Yes Yes Alive
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c.557dupA 41 11 2 IDC Pos. Pos. Neg. No No No Alive
c.557dupA 51 11 2 IDC Pos. Pos. Pos. Yes No Yes Alive
c.557dupA 36 11 2 IDC Pos. Pos. Neg. No No Yes Alive
c.557dupA 40 111 3 IDC Pos. Pos. Neg. Yes No Yes Alive

Diag: Diagnosis, St: Stage, Gr: Grade, His Sub: Histologic Subtype, ER: Estrogen Receptor, PR: Progesterone Receptor, HER2: Human Epidermal Growth Factor Receptor 2, Node Inv: Node Involvement, TNBC: Triple-negative
Breast Cancer, Met: Metastasis, Pos: Positive, Neg: Negative

Table 4. Frequency of PV/LPV and family history of tested individuals in this study.

Exon Nucleotide substitution Amino acid change Age at Diagnosis & cancer type Family history
5 c.1692 1698dup p-(His567Lysfs*13) 38y/44y Esophageal Ca
Bilateral Breast Ca Ovarian Ca
5 c.1704_1707delAAAA p-(Lys569Argfs*29) 42y Breast Ca
Unilateral Breast Ca Stomach Ca
3 c.172_175delTTGT p-(GIn60Argfs*7) 39y Breast Ca
Unilateral Breast Ca
5 ¢.1960 1961insC p.(Ile654Thrfs*9) 43y Breast Ca
Unilateral Breast Ca Cervix Ca
5 ¢.1967dupC p.(Glu657Argfs*6) 42y Lung Ca
Bilateral Breast Ca Breast Ca
3 c.211+1G>T p.(7) 67y Ovarian Ca
Breast Ca Cervix Ca
Stomach Ca
Endometrial Ca
5 c.2368C>T p-(GIln790%) 44y Thyroid Ca
Unilateral Breast Ca Stomach Ca
7 ¢.2587-1G>C p-(?) 40y None
Bilateral Breast Ca
40y/56y Bladder Ca
12 €.3256 C>T p-(Argl086%) Bilateral Breast Ca Breast Ca
4 ¢.390 391insT p.(Alal1025Thr) Sly Prostate Ca
Unilateral Breast Ca Ovarian Ca
Breast Ca
4 c.481 482del p.(Aspl61Leufs*6) 39y/53y Cervix Ca
Bilateral Breast Ca Breast Ca
Prostat Ca
4 ¢.509 510del p-(Argl70Ilefs*14) 50y Breast Ca
Unilateral Breast Ca Cervix Ca

Non-Hodgkin lymphoma.

Prostat Ca
Uterus Ca
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4 ¢.509 510del p.(Argl70Ilefs*14) 24y Breast Ca
Unilateral Breast Ca
4 ¢.509 510del p.(Argl70Ilefs*14) 36y/52y Breast Ca
Bilateral Breast Ca Cervix Ca
4 ¢.557dupA p-(Asnl186Lysfs*4) 36y Breast Ca
Unilateral Breast Ca Lung Ca
4 c.557dupA p-(Asn186Lysfs*4) 40y Pancreas Ca
Unilateral Breast Ca Thyroid Ca
Lung Ca
Breast Ca
Cervix Ca
4 ¢.557dupA p.(Asn186Lysfs*4) 45y/57y Prostat Ca
Bilateral Breast Ca Lung Ca
Cervix Ca
4 ¢.557dupA p.(Asn186Lysfs*4) 41y Breast Ca
Unilateral Breast Ca
4 ¢.557dupA p.(Asn186Lysfs*4) 3ly Breast Ca
Unilateral Breast Ca Uterus Ca
4 ¢.557dupA p.(Asn186Lysfs*4) Sly Pancreas Ca

Unilateral Breast Ca

Ca: cancer

The eight frame-shift PALB2 pathogenic mutations: ¢.1692 1698dup,
c.1704 _1707delAAAA, c.172_175delTTGT, ¢.1960 1961insC,
c.1967dupC, c.481 482del, ¢.509 510del, c.557dupA were among
breast cancer patients. The mutation median age of mutation carriers of
breast cancer was 39.8 years (Table4).

The most common PALB2 PV/LPV found in the study were: The
c.557dupA p.(Asn186Lysfs*4) was identified in six breast cancer
patients. ¢.509 510del p.(Argl70Ilefs*14) in three breast cancer
patients.

The frameshift pathogenic mutations were more frequent compared to
missense genetic alterations here in our study cohort. The frameshift,
non-sense, splice donor and spice acceptor variant frequencies were
61.5%, 23.1%, 7.7%, and 7.7%, respectively (Figurel). Surprisingly, no
missense pathogenic genetic alterations were found in our patient groups.
All identified PV/LPV resulted in a loss-of-function of the PALB2 gene.

The two most common PV were PALB2, ¢.509 510del
p.(Argl70Ilefs*14) and c.557dupA p.(Asn186Lysfs*4) variant.

Distribution of Pathogenic/Likely Pathogenic PALB2 Variants

7.7%

7.7%
= Frameshift

= Nonsense
Splice_Donor

Splice Acceptor

Figure 1. The prevalence of pathogenic/likely pathogenic PALB2 variant types in
cohort of cancer investigated in this study.
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Discussion

In this study, we analyzed the PALB2
PV/LPV and VUS frequencies in the Turkish
population. We investigated 1056 cancer
patients selected based on the inclusion criteria
established in the NCCN Guideline. We found
13 different PV/LPV in 20 patients (20/1056;
~1.9%) and 23 different VUS in 28 patients
(28/1056; ~2.7%) in the PALB2 gene in the
entire cohort. We found that the PALB2
PV/LPV ratio was ~1.9% among patients. In
the literature, the detection rate varied from
0.36% to 4.8% overall*®. The higher
prevalence was detected in Finland, which was
attributed to the presence of a founder
mutation®® and low incidence was noted in the
Jewish  Ashkenazi population, in the
Netherlands Japan and Ireland studies °.

Women with germline PALB2 mutations
are at risk of up to 58% for developing breast
cancer when they have a positive family
history, approximately five-fold higher than
the general population?’. Yang et al. reported
that individuals with inherited pathogenic
variants in PALB2 face an increased risk of
7.18 times for breast cancer in women, 2.91
times for ovarian cancer, 2.37 times for
pancreatic cancer, and 7.34 times for male
breast cancer?®,

The PALB2 PV/LPV and VUS were
identified in forty-one breast cancer patients
(41/828), four ovarian cancer patients (4/97),
one endometrial cancer patient (1/19), one
pancreatic cancer patient (1/26), one prostate
cancer patient (1/30).

However, this result should be taken with
caution because the number of patients in the
endometrial, pancreatic, and prostate cancer
cohort is relatively small compared with the
breast cancer cohort that was part of this study.

In the current study, the most common
recurrent frameshift mutation
c.557dupA p.(Asn186Lysfs*4) was detected
in six unrelated breast cancer patients 30% (6
of 20 among PV/LPV carriers) diagnosed with
early onset cancer breast cancer. The
prevalence of PALB2 germline mutations in
patients with early-onset breast cancer has
been reported, indicating its potential
contribution to hereditary breast cancer similar
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to our results. The c.557dupA
p-(Asn186Lysfs*4) variant in the PALB2 gene
has been extensively studied in the context of
cancer susceptibility, particularly in relation to
breast cancer. The evidence suggests that
PALB2 plays a significant role in cancer
predisposition and has clinical implications for
genetic testing and cancer risk assessment. It
was determined that a mutation c.557dupA
p-(Asn186Lysfs*4) in the PALB2 gene created
a non-sense codon (stop codon) at position
186, leading to a shortening in the length of the
protein. In the literature, the effect of this
mutation on protein function and cancer risk
prediction is yet unknown. The second
common recurrent frameshift —mutation
c.509 510del p.(Argl70Ilefs*14) was
detected in 3 unrelated breast cancer patients
15% (3 of 20 among PV/LPV carriers) two
were diagnosed at an early age and all patients
had familial breast cancer). This mutation is
anticipated to result in a significant alteration
in the protein structure, potentially affecting its
binding sites with BRCA2* causing an
activation of HR for repair of double-strand
DNA breaks®. PALB2 gene the PV
c.509 510del p.(Argl70llefs*14) appears to
be a prevalent mutation that has also been
observed in other groups®®. Dansonka-
Mieszkowsa  discovered  the  PALB2:
c.509 510del p.(Argl70llefs*14) pathogenic
variant in breast/ovarian cancer patients from
the southern Polish population'®. They
detected this mutation in 0.6% (4 out of 648)
of familial breast cancer patients and 0.08% (1
out of 1310) in the control group, which was s
statistically significant. We detected PALB2:
c.509 510del p.(Argl70Ilefs*14) mutation in
3 breast cancer patients (3/828; 0.36%). More
research is necessary to evaluate whether it
may be regarded as a founder mutation in the
Turkish population.

The most prevalent pathogenic genetic
variations among our patients were frameshift,
nonsense, and splice variants; and pathogenic
missense genetic alterations were not detected.
The higher frequency of pathogenic or likely
pathogenic loss-of-function mutations, such as
frameshift, nonsense, splice,
deletions/duplications, compared to missense
variants may be attributed to the greater
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difficulty in functionally validating missense
variants. This difficulty in validating missense
variants could lead to a higher number of
reported pathogenic or likely pathogenic loss-
of-function mutations. In order to address this
issue, advanced functional assays such as
protein-protein interaction or proficiency
testing in homologous recombination repair
should be utilized. Despite these efforts, a
considerable number of missense variants are
still not categorized. As a result, the ClinVar?!
and HGMD?? have endeavored to offer expert
curation on pathogenic/likely pathogenic
PALB?2 variants.

The research on PALB2 has predominantly
concentrated on identifying the truncating
mutations; however, there were also the
documented cases of VUS in patients !, the
presence of these variants poses a challenge for
genetic counselors, clinicians, and patients.
Although no distinctions were observed in the
clinicopathological parameters of PALB2 VUS
carriers in this study, additional functional
characterization of PALB2 VUS could help to
differentiate particular VUS with potential
pathogenicity, thereby contributing to clinical
practice. Until the role of VUS in PALB2 is
elucidated, the ACMG advises against
utilizing PALB2 VUSs to inform the clinical
management’?. However, the functional
characterization of PALB2 VUS have revealed
their potential to disrupt DNA repair and lead
to functional defects in homologous
recombination repair in some studies .

Various cancer types were observed among
the family members of the patients, carrying
this variant in the Turkish cohort. Studies
conducted in other populations have reported
varying prevalence rates of PALB2 mutations.
Studies have highlighted the significance of
PALB2 as a tumor suppressor gene>> and its
interaction with BRCA2 in breast cancer
susceptibility’* and the impact of this variant
on DNA repair and cancer predisposition®>.
These studies collectively emphasize the
importance of investigating the functional
consequences of this variant in the context of
cancer predisposition and DNA repair
mechanisms. To exemplify the
PALB2 mutations accounted for 0.9% of breast
cancer cases in the Chinese population®. They

Tunger SB, Kilig Erciyas S, Siikiiroglu Erdogan O, Celik B, Yalniz Kayim Z, Kurt Giiltaglar B.

were similarly truncated PALBZ2 mutations
detected in 3 out of 96 American patients with
familial pancreatic cancer’. These findings
suggest that PALB2 mutations may contribute
to a small but significant proportion of cancer
cases in different populations.

According to the clinicopathologic features
of PALB2 mutation-carrier breast cancer
patients detected in this study, all patients had
invasive-type ductal cancer. Most cancer
patients were classified from intermediate to
high-grade types and mostly had hormone
receptor-positive expression. Notably, all
individuals carrying PALB2 pathogenic
variants were diagnosed at a younger age, most
of them aged below 50 years, including six
younger than 40 years.

There is no specific study
on PALB2 mutations in a large number of
Turkish cancer patients using NGS as in our
study. However, researchers in a study aimed
to identify the prevalence of PALB2 variants
in BRCA1/2 and PALB2-negative early-onset
breast and ovarian cancer patients in a Turkish
population®’. Although the study did not focus
solely on PALB2 mutations, it provides
valuable insights into the genetic landscape of
hereditary breast and ovarian cancers in
Tiirkiye. Also, in 2016, Cecener et al.
investigated all PALB2 exons in 223 Turkish
women with early-onset breast cancer who
tested negative for BRCAI/2 mutations and
identified 18 distinct variants by heteroduplex
analysis (HDA) and DNA sequencing in
Tiirkiye **. However, only a limited number of
variants and no conclusively pathogenic
variants were detected. Also, Bilen et
al. investigated the effects of three different
single nucleotide polymorphisms (rs249954,
rs249935, and rs16940342) of the PALB?2 gene
on Turkish breast cancer predisposition in
2020%. Their research aimed only to explore
the association between specific single-
nucleotide polymorphisms (SNPs) and their
impact on breast cancer risk. This study
contributes to the growing body of research on
the genetic factors influencing breast cancer
predisposition and provides valuable insights
into the potential role of PALB2 variants in
breast cancer susceptibility.
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PALB2 mutations have important clinical
implications, particularly regarding cancer risk
assessment and genetic testing. It was reported
that pathogenic large genomic rearrangements
(LGRs) in PALB2 accounted for 10.3% of
pathogenic PALB2 variants detected in
Australian families with familial breast
cancer®’, highlighting the importance of
considering LGRs in genetic testing
for PALB2 mutations.

Furthermore, PALB2 mutations have been
associated with an increased risk of breast
cancer similar to BRCA2 mutations*.
Therefore, the inclusion of the PALB2 in
genetic testing panels for high-risk breast and
ovarian cancer patients 1is crucial, as
demonstrated in a study on Chinese patients*?,

Of the entire cohort, we identified 13
different PV/LPV in 20 patients, accounting
for ~1.9%(20/1056) and 23 different VUS in
28 patients, accounting for ~2.7% (28/1056).
However, this result should be taken with
caution because the number of patients in the
endometrial, pancreatic, and prostate cancer
cohort is relatively small compared with the
breast cancer cohort that was the part of this
study. Overall, the incidence of PALB2
variants is typically between 0.1% and 1.5%,
influenced by the factors such as the study
population, the size of the cohort, and the
testing methods*. The pathogenic PALB2
variants detected in this study in the Turkish
population is about ~1.9% (20/1056 patients),
which is slightly higher than the reported
frequencies worldwide.

Study Limitations

Firstly, the selection of cancer patients from
one hospital for the study may cause bias, and
limit the generalizability of the results.
Secondly, the small size of the prostate,
pancreatic, and colon cancer patients makes it
challenging to definitively conclude the non-
PALB2 pathogenic variant carriers of cancer
patients from the population-based group
investigation.

Conclusion

This study successfully determined
the PALB2 variants in cancer patients in
Tiirkiye. The ratio of the PALB?2 variants in
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cancer patients seems to be slightly higher than
the ratio in other populations.

Notably, the recurrent PALB2 c¢.557dupA
p-(Asn186Lysfs*4) and ¢.509 510del
p.(Argl70Ilefs*14) mutations should be
considered as a  significant  portion
of PALB2 mutation carriers. Recently, the
efficacy of PARP inhibitors in PALB2-mutated
breast cancer patients has been shown,
suggesting a possible avenue for targeted
therapy that may be helpful for breast cancer
patients. Therefore, we recommend that
genetic testing for PALB2 could be integrated
into the genetic evaluation of breast cancer
patients in Tiirkiye. This approach might have
the potential to make a valuable understanding
of breast cancer risks and facilitate the
development of prevention and treatment
strategies in Tiirkiye.

Although the number of specific studies on
PALB?2 mutations in Turkish cancer patients is
scarce, the available evidence from other
populations suggests that PALB2 mutations
may contribute to a small but significant
proportion of hereditary breast, ovarian, and
pancreatic cancers. Further research is needed
to determine the prevalence and clinical
implications of PALB2 mutations in the
Turkish population.

Ethics Committee Approval

This study was approved by the Clinical
Research Ethics Committee of Istanbul Faculty
of Medicine in Istanbul University with the
decision number of 2023/500 dated
17.03.2023. The study was in compliance with
the Helsinki Declaration.

Informed Consent

The written informed consent was obtained
from all patients before the study was
commenced.

Author Contributions

Seref Bugra Tuncer: Conceptualization,
Formal analysis, Investigation, Methodology,
Writing-original draft. Seda Kilic Erciyas:
Formal analysis and Investigation. Ozge
Sukruoglu  Erdogan:  Formal analysis,
investigation; Betul Celik: Investigation,

179



PALB?2 gene mutations in cancer patients.

Writing-original-draft;  Zubeyde  Yalniz
Kayim; Busra Kurt Gultaslar: Formal analysis.

Acknowledgments/Information

We would like to convey our sincere
gratitude to Kadriye Giimiis for the exceptional
English editing service and to the Oncology
Institute of Istanbul University for their
support and resources throughout this study.
We are also grateful to all the participants who
generously contributed their time and samples
to this research. Their involvement was crucial
in enabling us to investigate the
germline PALB2 mutations in cancer patients
in Tirkiye. We would also like to acknowledge
the invaluable assistance and guidance of our
research team members. Their expertise and
dedication significantly contributed to the
success of this study.

Conflict of Interest
There is no conflict of interest to declare.
Financial Disclosure

No sponsorship or funding from agencies in
the commercial sectors were received for this
research

Peer-review
Externally peer-reviewed.

References

1. Couch FJ, Shimelis H, Hu C, Hart SN, Polley EC, Na J, et al.
Associations Between Cancer Predisposition Testing Panel
Genes and Breast Cancer. JAMA Oncol. 2017;3(9):1190-1196.

2. Walsh T, King MC. Ten genes for inherited breast cancer.
Cancer Cell. 2007;11(2):103-105.

3.  Ducy M, Sesma-Sanz L, Guitton-Sert L, Lashgari A, Gao Y,
Brahiti N, et al. The Tumor Suppressor PALB2: Inside Out.
Trends Biochem Sci. 2019;44(3):226-240.

4.  Foo TK, Tischkowitz M, Simhadri S, Boshari T, Zayed N, Burke
KA, et al. Compromised BRCAI1-PALB2 interaction is
associated with breast cancer risk. Oncogene. 2017;36(29):4161-
4170.

5. Sy SM, Huen MS, Chen J. PALB?2 is an integral component of
the BRCA complex required for homologous recombination
repair. Proc Natl Acad Sci U S A. 2009;106(17):7155-7160.

6. Rahman N, Seal S, Thompson D, Kelly P, Renwick A, Elliott A,
et al. PALB2, which encodes a BRCA2-interacting protein, is a
breast cancer susceptibility gene. Nat Genet. 2007;39(2):165-
167.

7. Slater EP, Langer P, Niemczyk E, Strauch K, Butler J, Habbe N,
et al. PALB2 mutations in European familial pancreatic cancer
families. Clin Genet. 2010;78(5):490-494.

8. Antoniou AC, Casadei S, Heikkinen T, Barrowdale D, Pylkas K,
Roberts J, et al. Breast-cancer risk in families with mutations in
PALB2. N Engl J Med. 2014;371(6):497-506.

9.  Hu C, Hart SN, Gnanaolivu R, Huang H, Lee KY, Na J, et al. A
Population-Based Study of Genes Previously Implicated in
Breast Cancer. N Engl J Med. 2021;384(5):440-451.

10. Dansonka-Mieszkowska A, Kluska A, Moes J, Dabrowska M,
Nowakowska D, Niwinska A, et al. A novel germline PALB2

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tunger SB, Kilig Erciyas S, Siikiiroglu Erdogan O, Celik B, Yalniz Kayim Z, Kurt Giiltaglar B.

deletion in Polish breast and ovarian cancer patients. BMC Med
Genet. 2010;11:20.

Peterlongo P, Catucci I, Pasquini G, Verderio P, Peissel B, Barile
M, et al. PALB2 germline mutations in familial breast cancer
cases with personal and family history of pancreatic cancer.
Breast Cancer Res Treat. 2011;126(3):825-828.

Daly MB, Pal T, Maxwell KN, Churpek J, Kohlmann W, AlHilli
Z, et al. NCCN Guidelines(R) Insights: Genetic/Familial High-
Risk Assessment: Breast, Ovarian, and Pancreatic, Version
2.2024. J Natl Compr Canc Netw. 2023;21(10):1000-1010.
World Medical Association I. Declaration of Helsinki. Ethical
principles for medical research involving human subjects. J
Indian Med Assoc. 2009;107(6):403-405.

Carter NJ, Marshall ML, Susswein LR, Zorn KK, Hiraki S, Arvai
KJ, et al. Germline pathogenic variants identified in women with
ovarian tumors. Gynecol Oncol. 2018;151(3):481-488.

Kinsella RJ, Kahari A, Haider S, Zamora J, Proctor G, Spudich
G, et al. Ensembl BioMarts: a hub for data retrieval across
taxonomic space. Database (Oxford). 2011;2011:bar030.
Belsare S, Levy-Sakin M, Mostovoy Y, Durinck S, Chaudhuri S,
Xiao M, et al. Evaluating the quality of the 1000 genomes project
data. BMC Genomics. 2019;20(1):620.

Gudmundsson S, Singer-Berk M, Watts NA, Phu W, Goodrich
JK, Solomonson M, et al. Variant interpretation using population
databases:  Lessons  from  gnomAD. Hum  Mutat.
2022;43(8):1012-1030.

Ng PC, Henikoff S. Accounting for human polymorphisms
predicted to affect protein function. Genome Res.
2002;12(3):436-446.

Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional
effect of human missense mutations using PolyPhen-2. Curr
Protoc Hum Genet. 2013;Chapter 7:Unit7 20.

Schwarz JM, Rodelsperger C, Schuelke M, Seelow D.
MutationTaster evaluates disease-causing potential of sequence
alterations. Nat Methods. 2010;7(8):575-576.

Landrum MJ, Lee JM, Benson M, Brown GR, Chao C,
Chitipiralla S, et al. ClinVar: improving access to variant
interpretations and supporting evidence. Nucleic Acids Res.
2018;46(D1):D1062-D1067.

Stenson PD, Mort M, Ball EV, Chapman M, Evans K, Azevedo
L, et al. The Human Gene Mutation Database (HGMD((R))):
optimizing its use in a clinical diagnostic or research setting.
Hum Genet. 2020;139(10):1197-1207.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et
al. Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association
for Molecular Pathology. Genet Med. 2015;17(5):405-424.
Zhou J, Wang H, Fu F, Li Z, Feng Q, Wu W, et al. Spectrum of
PALB2 germline mutations and characteristics of PALB2-
related breast cancer: Screening of 16,501 unselected patients
with breast cancer and 5890 controls by next-generation
sequencing. Cancer. 2020;126(14):3202-3208.

Haanpaa M, Pylkas K, Moilanen JS, Wingvist R. Evaluation of
the need for routine clinical testing of PALB2 c.1592delT
mutation in BRCA negative Northern Finnish breast cancer
families. BMC Med Genet. 2013;14:82.

Harinck F, Kluijt I, van Mil SE, Waisfisz Q, van Os TA, Aalfs
CM, et al. Routine testing for PALB2 mutations in familial
pancreatic cancer families and breast cancer families with
pancreatic cancer is not indicated. Eur J Hum Genet.
2012;20(5):577-579.

Song CV, Teo SH, Taib NA, Yip CH. Surgery for BRCA, TP53
and PALB2: a literature review. Ecancermedicalscience.
2018;12:863.

Yang X, Leslie G, Doroszuk A, Schneider S, Allen J, Decker B,
et al. Cancer Risks Associated With Germline PALB2
Pathogenic Variants: An International Study of 524 Families. J
Clin Oncol. 2020;38(7):674-685.

Pauty J, Couturier AM, Rodrigue A, Caron MC, Coulombe Y,
Dellaire G, et al. Cancer-causing mutations in the tumor
suppressor PALB2 reveal a novel cancer mechanism using a
hidden nuclear export signal in the WD40 repeat motif. Nucleic
Acids Res. 2017;45(5):2644-2657.

Janssen B, Bellis S, Koller T, Tischkowitz M, Liau SS. A
systematic review of predicted pathogenic PALB2 variants: an
analysis of mutational overlap between epithelial cancers. J Hum
Genet. 2020;65(2):199-205.

180



Tunger SB, Kilig Erciyas S, Siikiiroglu Erdogan O, Celik B, Yalmiz Kayim Z, Kurt Giiltaglar B. ADYU Saglik Bilimleri Derg. 2023;9(3):169-181.

31. Li YT, Jiang WH, Wang XW, Zhang MS, Zhang CG, Yi LN, et
al. PALB2 mutations in breast cancer patients from a multi-
ethnic region in northwest China. Eur J Med Res. 2015;20:85.

32. Tischkowitz M, Balmana J, Foulkes WD, James P, Ngeow J,
Schmutzler R, et al. Management of individuals with germline
variants in PALB2: a clinical practice resource of the American
College of Medical Genetics and Genomics (ACMG). Genet
Med. 2021;23(8):1416-1423.

33. Wiltshire T, Ducy M, Foo TK, Hu C, Lee KY, Belur Nagaraj A,
et al. Functional characterization of 84 PALB2 variants of
uncertain significance. Genet Med. 2020;22(3):622-632.

34. Park JY, Singh TR, Nassar N, Zhang F, Freund M, Hanenberg
H, et al. Breast cancer-associated missense mutants of the
PALB2 WD40 domain, which directly binds RAD51C, RADS1
and BRCAZ2, disrupt DNA repair. Oncogene. 2014;33(40):4803-
4812.

35. Hu ZY, Liu L, Xie N, Lu J, Liu Z, Tang Y, et al. Germline
PALB2 Mutations in Cancers and Its Distinction From Somatic
PALB2 Mutations in Breast Cancers. Front Genet. 2020;11:829.

36. Deng M, Chen HH, Zhu X, Luo M, Zhang K, Xu CJ, et al.
Prevalence and clinical outcomes of germline mutations in
BRCA1/2 and PALB2 genes in 2769 unselected breast cancer
patients in China. Int J Cancer. 2019;145(6):1517-1528.

37. Aksoy F, Tezcan Unlu H, Cecener G, Guney Eskiler G, Egeli U,
Tunca B, et al. Identification of CHEK2 germline mutations in
BRCAI1/2 and PALB2 negative breast and ovarian cancer
patients. Hum Hered. 2022.

38. Cecener G, Guney Eskiler G, Egeli U, Tunca B, Alemdar A,
Gokgoz S, et al. Association of PALB2 sequence variants with
the risk of early-onset breast cancer in patients from Turkey. Mol
Biol Rep. 2016;43(11):1273-1284.

39. Bilen M, Berkéz M, YALIN A, Calikusu Z, Eroglu P,
Comekoglu U, et al. Investigation of effects of PALB2 genetic
variations on breast cancer predisposition. Cukurova Medical
Journal. 2020;45(1):186-194.

40. Li S, Maclnnis RJ, Lee A, Nguyen-Dumont T, Dorling L,
Carvalho S, et al. Segregation analysis of 17,425 population-
based breast cancer families: Evidence for genetic susceptibility
and risk prediction. Am J Hum Genet. 2022;109(10):1777-1788.

41. Silvestri V, Barrowdale D, Mulligan AM, Neuhausen SL, Fox S,
Karlan BY, et al. Male breast cancer in BRCA1 and BRCA2
mutation carriers: pathology data from the Consortium of
Investigators of Modifiers of BRCAI1/2. Breast Cancer Res.
2016;18(1):15.

42. Kwong A, Shin VY, Ho CYS, Khalid A, Au CH, Chan KKL, et
al. Germline PALB2 Mutation in High-Risk Chinese Breast
and/or Ovarian Cancer Patients. Cancers (Basel). 2021;13(16).

43. Buys SS, Sandbach JF, Gammon A, Patel G, Kidd J, Brown KL,
et al. A study of over 35,000 women with breast cancer tested
with a 25-gene panel of hereditary cancer genes. Cancer.
2017;123(10):1721-1730.

181



