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Abstract

The use of multigene panel testing for patients with a predisposition to breast/ovar-
ian cancer is increasing as the identification of variants is useful for diagnosis and dis-
ease management. We identified pathogenic and likely pathogenic (P/LP) variants of
high-and moderate-risk genes using a 23-gene germline cancer panel in 518 patients
with hereditary breast and ovarian cancers (HBOC). The frequency of P/LP variants
was 12.4% (64/518) for high- and moderate-penetrant genes, namely, BRCA2 (5.6%),
BRCA1 (3.3%), CHEK2 (1.2%), MUTYH (0.8%), PALB2 (0.8%), MLH1 (0.4%), ATM (0.4%),
BRIP1 (0.4%), TP53 (0.2%), and PMS2 (0.2%). Five patients possessed two P/LP vari-
ants in BRCA1/2 and other genes. We also compared the results from in silico splicing
predictive tools and exon splicing patterns from patient samples by analyzing RT-PCR
product sequences in six P/LP intronic variants and two intronic variants of unknown
significance (VUS). Altered transcriptional fragments were detected for P/LP intronic
variants in BRCA1, BRIP1, CHEK2, PARB2, and PMS2. Notably, we identified an in-
frame deletion of the BRCA1 C-terminal (BRCT) domain by exon skipping in BRCA1
¢.5152+6T>C—as known VUS—indicating a risk for HBOC. Thus, exon splicing analy-
sis can improve the identification of veiled intronic variants that would aid decision

making and determination of hereditary cancer risk.
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germline mutation, hereditary breast and ovarian cancer syndrome, next-generation
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1 | INTRODUCTION

Breast cancer is a multifactorial disease caused by a combination of
environmental and genetic factors.? Hereditary breast and ovarian
cancers (HBOCs) account for approximately 5-10% of breast can-
cer and 10%-15% of ovarian cancer and primarily involve BRCA1 and
BRCA2 variants.?* The identification of BRCA1 and BRCA2 germline
variants significantly improve HBOC diagnosis, as they are predic-
tors of cancer susceptibility for patients as well as their families.>¢

Recent advances in genetic sequencing technology have led
to the discovery of novel genes that increase the risk of cancer in
patients with familial predisposition.5'8 However, the rapid intro-
duction of multigene panel testing has raised several issues to be
addressed for implementation in clinical settings.9 First, many of the
tested genes are low- to moderate-risk genes for which consensus
management guidelines have not been established.”*° In the absence
of identified variants, recommendations for cancer-specific screen-
ing and prevention approaches for patients and family members are
typically based on personal and/or family cancer history.** Second,
it is uncertain whether identifying such low- to moderate-risk gene
variants would influence the individual clinical management of pa-
tients referred for genetic testing.'* Although several studies have
identified variants in moderate-risk genes, such as ATM, BRIP1,
CHEK2, BARD1, MRE11A, NBN, RAD50, RAD51, and XRCC2, as well
as in high-penetrant genes, including BRCA1/2, TP53, PTEN, STK11,
CDH1, and PALB2,*%** establishing clinical relevance and analyzing
these variants across diverse ethnic populations is warranted.

Correct exon splicing is important for appropriate protein trans-
lation as alterations in this process can lead to aberrant cellular me-
tabolism or functions. Abnormal splicing caused by mutation events
may alter consensus splicing regulator sequences, leading to hered-
itary disorders.’® Although in silico bioinformatics algorithms were
developed for evaluating the possible exon splicing effects of iden-
tified variants, the exact effects of variants should be demonstrated
in functional assays.

In this study, we employed a comprehensive multigene panel that
included 23 known or suspected cancer susceptibility genes to test
Korean patients suspected of HBOC. We aimed to identify possible
pathogenic or likely pathogenic (P/LP) variants as well as variants of
unknown significance (VUS) for various genes including BRCA1. We
also analyzed exon splicing patterns in intronic variants to evaluate

their deleterious effects.

2 | MATERIAL AND METHODS
2.1 | Study population

A total of 700 patients who were suspected of a familial predis-
position to cancer were referred to a genetic counseling clinic in
the Korea National Cancer Center and underwent BRCA1/2 testing
between January 1, 2017 and December 31, 2018. Suspected clini-

cal characteristics of HBOC were defined as follows: (a) at least one

Cancer Science BNuIia s

case of breast or ovarian cancer with a family history of breast and
ovarian cancer; (b) first diagnosis of breast cancer onset < 40 years
old; (c) bilateral breast cancer or other primary cancer with other
primary malignancy; and (d) simultaneous diagnosis of breast and
ovarian cancers. All were in accordance with the criteria of HBOC
testing according to the NCCN guidelines on genetic/familial high-
risk assessment: breast and ovarian (version 2, 2017).2® Of these,
518 patients who had agreed to the study underwent further evalu-
ation with a customized 23-gene hereditary cancer panel (Figure 1).
Data on demographics, personal and familial history of cancer, and
panel testing results were retrospectively collected for patients
harboring P/LP variants. Clinicopathological characteristics of can-
cer, such as the stage and presence of the hormone receptor (HR)
and human epidermal growth factor receptor 2 (HER2) states, were
assessed by reviewing medical records. As a control group, 393
healthy female controls were recruited among individuals who had
visited the National Cancer Center as part of a cancer-screening

program.

2.2 | BRCA1 and BRCA2 direct sequencing

BRCA1/2 genetic testing was performed by the Green Cross
Company (Yongin, Republic of Korea) via direct sequencing. Briefly,
genomic DNA was extracted from peripheral blood samples with
a QlAamp DNA Blood Mini Kit (Qiagen) or Chemagic DNA Blood
200 Kit (Chemagen). Amplified products were sequenced on an ABI
3500x! Analyzer (Applied Biosystems) using the Bigdye Terminator
v3.1 Cycle Sequencing Kit. Sequences were analyzed using
Sequencher v5.0 software (Gene Codes). All variants are described
according to HUGO-approved systematic nomenclature (http://
www.hgvs.org/mutnomen/).

2.3 | Panel-based sequencing assay

Genomic DNA was extracted from peripheral blood of each pa-
tient. We employed a customized hereditary cancer panel (Celemics)
that included all coding sequences and intron-exon boundaries of
the coding exon from 23 cancer predisposition genes (APC, ATM,
BARD1, BRCA1, BRCA2, BRIP1, CDH1, CHEK2, EPCAM, MLH1, MSH2,
MSH6, MUTYH, MEN1, NBN, PALB2, PMS2, PTEN, RAD50, RAD51C,
RET, STK11, and TP53; Table 2). Products with each capture reaction
were sequenced on an lllumina MiSeqDX (lllumina Inc) generating
2 x 150 bp paired-end reads. Alignment of sequence reads, index-
ing of the reference genome (hg19), and variant calling were per-
formed with a pipeline based on Genome Analysis Tool Kit (GATK)
Best Practices.* Alignment was performed with BWA-mem (version
0.7.10),"” duplicated reads were marked with Picard (version 1.138;
http://picard.sourceforge.net), and local alignment, base quality
recalibration, and variant calling were performed using the GATK
(version 3.5),'8 samtools (version 0.1.19)," FreeBayes (v0.9.21-26-

gbfd9832), and Scalpel (version 0.5.3).2°


http://www.hgvs.org/mutnomen/
http://www.hgvs.org/mutnomen/
http://picard.sourceforge.net
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Patients with Breast/Ovarian cancer
BRCA1/2 testing (n = 700)
Breast (N = 636, 90.9%), Ovarian (N = 56, 8.0%),

Both (n =8, 1.1%)

'

Pathogenic variant
(n =76, 10.9%)
BRCAT1 (n = 35, 5.0%)
BRCAZ2(n = 41, 5.9%)

(n =100, 14.3%)
BRCAT1(n = 37, 5.3%)
BRCAZ(n = 59, 8.4%)

Variant of unknown significance

BRCA1&BRCA2 (n = 4,0.6%)

No significant variant
(n =524, 74.8%)

Excluded patients: No agreement

Patients who agreed to this study

(n = 182, 26.0%)

!

Pathogenic variant
(n =46, 8.9%)
BRCAT1(n =17, 3.3%)
BRCA2(n = 29, 5.6%)

(n = 69, 13.3%)
BRCA1(n = 23, 4.4%)
BRCA2(n = 42,8.1%)

Variant of unknown significance

BRCA1&BRCAZ (n = 4,0.8%)

No significant variant
(n =403, 77.8%)

Cancer panel, 23 genes (n = 518)
breast (N =507, 97.9%), ovarian (N = 8, 1.5%), both (N = 3, 0.6%)

]

(n= 64, 12.4%)

Pathogenic/likely pathogenic variant

FIGURE 1 Germline variants in patients with hereditary breast and ovarian cancer detected using a high- and moderate-penetrance
hereditary cancer gene panel of 23 genes. Schematic representation of the patients and study workflow. A total of 700 breast/ovarian
cancer patients visited the genetic counseling clinic between January 2017 and December 2018 at the National Cancer Center (Republic of
Korea) and underwent BRCA1/2 testing. Of these, 518 patients were enrolled in the study and tested using a customized 23-gene hereditary
cancer panel. The frequency of pathogenic (P) or likely pathogenic (LP) variants was 12.4% (64/518)

2.4 | Variant classification

Variant annotation was performed with VEP (Ensembl Variant Effect
Predictor)?* and dbNSFP v 3.0.22 We obtained all single-base pair
substitutions, insertions and/or deletions for each gene. Genetic var-
iants were classified using a five-tier system following the American
College of Medical Genetics and Genomics (ACMG) guidelines as
follows?®: P, LP, VUS, likely benign, or benign.

2.5 | Insilico exon splicing analysis of
intronic variants

We used the following five splice site prediction programs to predict
the effect of intronic variants on the efficiency of splicing: Splice
Site Finder (http://www.interactive-biosoftware.com), GeneSplicer
(http://www.cbch.umd.edu/software/GeneSplicer),  Splice  Site
Prediction by Neural Network (http://www.fruitfly.org/seq_tools/
splice.html), MaxEntScan (http://genes.mit.edu/burgelab/maxent/
Xmaxentscan_scoreseqg.html), and Human Splicing Finder (http://
www.umd.be/HSF/). Analysis was conducted by the integrated
software Alamut Visual (version 2.12; http://www.interactive-bioso
ftware.com) using default settings for all predictions. A variation of

more than 10% in at least two algorithms was considered to have an

effect on splicing. All intronic variants classified as P/LP were ana-
lyzed and the two intronic VUS of BRCA1/2 were evaluated using the
available samples.

2.6 | Functional analysis and genotyping of splice
acceptor variants

We analyzed RNA transcripts from patient samples to compare out-
comes via in silico splicing analysis. Total RNA was extracted from
peripheral blood lymphocytes using the NucleoSpin RNA Blood Kit
(Macherey-Nagel) or from normal tissues using the AllPrep DNA/
RNA Mini Kit (Qiagen) according to manufacturer's instructions.
Using total RNA (1 pg) as template, cDNA was reverse-transcribed
using the Transcriptor First Strand cDNA Synthesis Kit (Roche Life
Science) or ReverTra Ace gPCR RT Master Mix (Toyobo), followed by
amplification via reverse transcription PCR (RT-PCR) as previously re-
ported.?*?” Transcriptional products for intronic variants in BRCA1,
BRCA2, BRIP1, CHEK2, PALB2, and PMS2 were obtained and validated
by Sanger sequencing. Primer sequences are listed in Table S1.

Intronic variants were further genotyped in healthy female con-
trols. Variants were identified by TagMan SNP Genotyping Assays
(Applied Biosystems) using the QuantStudio 7 Flex Real-Time PCR
System (Applied Biosystems).


http://www.interactive-biosoftware.com
http://www.cbcb.umd.edu/software/GeneSplicer
http://www.fruitfly.org/seq_tools/splice.html
http://www.fruitfly.org/seq_tools/splice.html
http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html
http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html
http://www.umd.be/HSF/
http://www.umd.be/HSF/
http://www.interactive-biosoftware.com
http://www.interactive-biosoftware.com
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3 | RESULTS

3.1 | Baseline characteristics of the study
population

Clinical characteristics of patients with breast/ovarian cancer sub-
jected to multigene panel testing are listed in Table 1. A total of
507 patients (507/518; 97.9%) were diagnosed with breast cancer,
whereas eight (8/518; 1.5%) were diagnosed with ovarian cancer;
three patients were diagnosed with both cancers. Among patients
with breast cancer, 35.8% were diagnosed before 40 years of age.
Histologically, invasive ductal carcinoma (IDC) was predominant,
and 51.8% of patients were categorized as stage . Initial diagnosis of
54.5% of patients with ovarian cancer revealed that they were in their

50s; notably, these patients had a familial predisposition to cancer.

3.2 | Cancer-predisposing germline variants
including the BRCA1/2

P/LP variants were detected in 12.4% (64/518) of the 518 patients
with breast and ovarian cancer tested with the multigene panel
(Figure 1). As shown in Table 2, we divided the genes included in
the panel into three groups based on hereditary penetrance. Of
the P/LP variants, 10.0% were in group A, 1.5% in group B, and
1.7% in group C. In our cohort, group A variants were detected
in BRCA2 (5.6%), BRCA1 (3.3%), PALB2 (0.8%), TP53 (0.2%), and
PTEN (0.2%) genes. Group B variants were found in CHEK2 (1.2%)
and ATM (0.4%), whereas group C variants were in MUTYH (0.8%),
MLH1 (0.4%), BRIP1 (0.4%), and PMS2 (0.2%) (Table 2).

Of the 19 patients who harbored cancer-predisposing germline
variants except for BRCA1/2, 15 patients had a family history of
cancer (Table 3). These patients were mainly diagnosed with IDC
tumor type, and some also had bilateral breast cancer or multiple
cancers (Table 3). The median age of diagnosis in these patients
was 48.3 + 11.8 years (ranging from 33 to 72 years; Table 2). Five
patients possessed two P/LP variants in BRCA1/2 and other genes
in the panel (Table S2). Variants in genes other than BRCA1/2 were
as follows: one BRIP1 c.1794+1 G>A, two CHEK2 c.1555 C>T
(p.Arg159*), and one MUTYH c.544 C>T (p.Arg182Cys); one patient
had two pathogenic variants in the BRCA2. These patients were
diagnosed with IDC tumor type HR+ and HER2- and had at least
one clinical feature of suspected HBOC, ie, disease onset at less
than 40 years of age, bilateral cancer, or family history of cancer.

3.3 | mRNA transcript and pedigree analysis of
patients with intronic P/LP variants

Via multigene panel analysis, we identified six P/LP intronic variants:
BRCA1 c.302-2A>C, BRCA1 c.5277+1G>A, CHEK2 c.846+1G>T, PALB2
€.2834+2T>C, BRIP1 c.1794+1 G>A, and PMS2 c.164-1G>A (Table 4). To

predict the exon splicing patterns of these intronic variants, we employed
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five in silico splice site prediction programs. The natural splicing sites of
the variants were predicted to be affected (Table 4). To evaluate the pre-
dicted exon splicing effects by in silico programs, we analyzed mRNA
transcripts from patient samples via RT-PCR (Table 4 and Figure 51-S6).

CHEK2 c.846+1G>T was detected in patient PT13, who was di-
agnosed with HR-, HER2/neu+ bilateral breast cancer (IDC); the
proband's sister died from breast cancer at age 51 after being diag-
nosed at 47, but other family members were cancer free (Table 3 and
Figure S1). CHEK2 c.846+1G>T was predicted to affect the donor
splice site (Table 4). We revealed aberrant mRNA transcripts collected
from the patient's lymphocytes that corresponded to the skipping of
exon 7. This variant was predicted to cause an in-frame deletion (266-
284 amino acids) in the kinase domain of CHEK2 protein (Figure S1).

PALB2 ¢.2834+2T>C was detected in patient PT39, who was
diagnosed with HR+, HER2/neu- IDC at age 35; the proband had
a strong family history of reproductive cancer with one paternal
aunt being diagnosed with breast cancer at 45 years of age, and an-
other diagnosed with lung cancer at 60 years of age (Table 3 and
Figure S2). The proband's paternal grandfather was diagnosed with
lung cancer in his late 70s, while the rest of the known family was
cancer free. Via RNA analysis, PALB2 c.2834+2T>C was revealed
to be the combined product of exon 7 and 9 by exon 8 skipping in
PALB2 (Figure S2). This variant was predicted to truncate the PALB2
protein. Generation of truncated protein products by alternative
splicing may be associated with an increased risk of breast cancer.?®

PT1 (a 50-year-old woman) was referred for genetic counseling
after a diagnosis of bilateral IDC and was found to be HR+ and HER2/
neu-. Her family history was only notable with regards to her uncle,
who was diagnosed with gastric cancer. Subsequent multigene panel
testing revealed the presence of pathogenic BRCA1 ¢.923_924del,
and BRIP1 ¢.1794+1G>A variants (Table S2 and Figure S3). BRIP1
¢.1794+1G>A was predicted to affect the donor splice site, as ev-
idenced by in silico analysis (Table 4). Functional analysis of the in-
tronic variant identified a deletion within exon 12 in the BRIP1 gene,
which caused abnormal transcriptional production (Figure S3). The
proband's cancer-related family history and our analysis suggest that
this variant confers an increased risk of breast cancer.

PMS2 ¢.164-1G>C was detected in patient PT43, who was diag-
nosed with breast and gastric cancers before age 50. Her father was
diagnosed with colon cancer at 73 years old, while her uncle died of
gastric cancer at age 60. The rest of the family was healthy (Table 3 and
Figure S4). In silico analysis predicted that this variant may be problem-
atic at the acceptor splice site or is activated at the cryptic site (Table 4).
Splicing functional assays revealed that this variant induces aberrant
splicing via partial exon 3 deletion (8 bp) and leads to the subsequent

production of a truncated protein, as evidenced by RT-PCR (Figure S4).

3.4 | Exon splicing analysis for intronic VUS in
BRCA1/2

We identified 14 BRCA1 and 24 BRCA2 P/LP variants in our co-

hort (Table S3). Among these variants, we analyzed exon splicing
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TABLE 1 Demographic characteristics of patients with breast/ovarian cancer

Risk category
Age at diagnosis

<40

40-49

50-59

60<
Pathological stage

0

|

Il

1]

\%

pCR

Unknown
Personal history

Early-onset cancer (age < 40)

Bilateral breast cancer

Multiple-organ cancers (with other primary-organ

cancer except ovarian or breast cancer)
Both breast and ovarian cancer
Male breast cancer
Family history
Breast cancer
Ovarian cancer
Breast and ovarian cancer
Other cancers

Without family history

Breast cancer

Ovarian cancer

n=510

183
173
99
55

20
264
110

39

43
34

183
31
62

216
10
6
125
153

Subtype according to hormone receptor and HER2 status for breast cancer

HR+, HER2-
HR-, HER2+
HR+, HER2+
Triple-negative (TNBC)
Unclassifiable
Pathological classification of breast cancer type
Invasive ductal carcinoma
Ductal carcinoma in situ
Metastatic ductal carcinoma
Invasive lobular carcinoma
Mucinous carcinoma
Lobular carcinoma in situ
Others
Pathological classification of ovarian cancer type
Serous adenocarcinoma

Mixed-germ cell tumor

286
a4
121
54

411
70

13

%

359
33.9
19.4
10.8

3.9
51.8
21.6

7.6

0.0

8.4

6.7

35.8
6.1
12.2

0.6
0.6

42.4
2.0
1.2

24.5

30.0

56.1
8.0
23.7
10.6
1.6

80.6
13.7
1.2
1.0
0.6
0.4
2.5

n=11

N o~ W O

o B B 00O O » O

N W N W -

%

0.0
27.3
54.5
18.2

0.0
9.1
0.0
72.7
9.1
9.1
0.0

9.1

27.3

9.1
27.3
18.2
27.3
18.2

45.5
9.1

(Continues)



RYU ET AL. _ 3917
Cancer Science RuIia anL

TABLE 1 (Continued)

Breast cancer Ovarian cancer
Risk category n=>510 % n=11 %
Endometrioid adenocarcinoma 1 9.1
Clear cell adenocarcinoma 2 18.2
Others 2 18.2

Abbreviations: HER2, human epidermal growth factor receptor 2; HR, hormone receptors (estrogen receptor, progesterone receptor); TNBC, triple-
negative breast cancer.

TABLE 2 Pathogenic or likely pathogenic variants distributed according to hereditary penetrance

No. of
Hereditary penetrance Gene Disease/syndrome patients % Total (%)
High penetrance and high risk BRCA1 Hereditary breast and ovarian cancer 17 3.3 52 (10.0)
syndrome
BRCA2 Hereditary breast and ovarian cancer 29 5.6
syndrome
CDH1 Hereditary diffuse gastric cancer, 0 0.0
Blepharocheilodontic syndrome
PALB2 Fanconi anemia, complementation group N 4 0.8
PTEN Cowden syndrome, Bannayan-Riley- 1 0.2
Ruvalcaba syndrome
STK11 Peutz-Jeghers syndrome 0 0.0
TP53 Li-Fraumeni syndrome 1 0.2
Moderate penetrance and high ATM Ataxia-telangiectasia 2 0.4 8 (1.5)
risk BARD1 Breast cancer, Ovarian cancer 0 0.0
CHEK2 Li-Fraumeni syndrome, Breast cancer 6 1.2
NBN Nijmegen breakage syndrome, Breast cancer, 0 0.0
Ovarian cancer, Leukemia
Increased penetrance but less APC Adenomatous polyposis coli, Desmoid 0 0.0 9(1.7)
well-defined risk cancer
BRIP1 Breast cancer, Fanconi anemia 2 0.4
EPCAM Lynch syndrome, Congenital tufting 0 0.0
enteropathy
MEN1 Multiple endocrine neoplasia 1, Familial 0 0.0
isolated hyperparathyroidism
MLH1 Colorectal cancer, hereditary nonpolyposis, 2 0.4
type 2, Lynch syndrome
MSH2 Colorectal cancer, hereditary nonpolyposis, 0 0.0
type 1, Lynch syndrome
MSH6 Colorectal cancer, hereditary nonpolyposis, 0 0.0
type 5, Lynch syndrome
MUTYH Familiar adenomatous polyposis 4 0.8
PMS2 Lynch syndrome, Alopecia areata, Ovarian 1 0.2
cancer
RAD50 Nijmegen-breakage-syndrome-like disorder, 0 0.0
Polycystic ovary syndrome
RAD51C Fanconi anemia, complementation group O, 0 0.0
Familial breast-ovarian cancer
RET Multiple endocrine neoplasia lIA, 0 0.0

Hirschsprung disease
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25 e in two BRCAL1 intronic variants classified as P/LP BRCA1 c.302-
o
= "”’ g 2A>C and c.5277+1G>A, which were predicted to affect the
o
o< g donor or acceptor splice sites (Table 4). RT-PCR identified partial
o 3 exon 7 deletion (10 bp), and this BRCA1 ¢.302-2A>C variant was
@ o =
g g 3 predicted to truncate BRCA1 protein (Table 4 and Figure S5). The
X
o ,§ BRCA1 ¢.302-2A>C variant was detected in patient PT49, who
8 & was diagnosed with bilateral breast cancer. The patient's fa-
o (9]
el -
. ;.3 ther died from lung cancer at 61 years old, and her sister was
2 - 9} also diagnosed with bilateral breast cancer (Figure S5). BRCA1
X =1 IS
<
: e ¢.5277+1G>A was identified in patient PT50, who was diagnosed
()
£ o 5 4 % with ovarian cancer at the age of 44; her family is cancer free.
CRESUN r'f Two abnormal mRNA transcripts were detected in the patient's
9( lymphocytes with BRCA1 ¢.5277+1G>A that were identified to
€ . . . L
o have an 87-bp insertion of intron 20 and exon 20 skipping, as
c
2 % E ;3 seen in a previous study using mini-gene splicing assays or blood
g E samples (Figure $6).%¢
";’E q g We also examined the effect of one BRCA1 and one BRCA2 VUS
3 § ] ké on splicing (Table 4, Figure 2, and Figure S7). BRCA1 c.5152+6T>C and
(S~
3 <& 2 < BRCA2 c.317-10A>G are classified with uncertain significance (Table 4).
©
Sj % BRCA1 c.5152+6T>C was expected to affect exon splicing, whereas no
Q
E iﬁ E splicing alterations were predicted for BRCA2 ¢.317-10A>G (Table 4).
'% - QEJ ‘é BRCA1 ¢.5152+6T>C mRNA transcripts were abnormal compared with
©
E ﬁ l_% & their corresponding wild-type transcripts; this variant produced a com-
- 0
-~ 2 9 bined exon 17 and 19 by exon 18 skipping in BRCA1 and was predicted
° =
= E o P o g to be an in-frame deletion of the BRCA1 C-terminal (BRCT) domain
L w 5T 2> g
ERCREN S = 5 2 of BRCA1 (Figure 2). However, mRNA transcript indicated that BRCA2
= = c “ 0 © LS
= R é 3 ¢.317-10A>G had no effect on exon splicing (Figure S7). Although in
o = <)
% g B '3 a silico predictions and RNA analysis revealed the pathogenicity of VUS
[a)
° @ o 8 variants, additional analysis is required to classify them as pathogenic.
oa | = g E
vel 2 z E %
|5 €0
: g 08 . . . .
el =z = <8 3.5 | Genotyping for intronic P/LP and VUS variants
w c
s] s
Z g E w o O
Zwn 2 z L o
- = *ac'i § We conducted genotyping of 393 healthy female Korean controls
©
E § 3 ) g to further define P/LP or VUS intronic variants by comparing their
E ’3‘ S _‘E prevalence. The eight intronic variants, analyzed in exon splicing as-
V = ° U
§ el 2 | § 2 says, were not detected in healthy controls (Table 4). These results
5 o “qo: E suggest that these intronic variants may affect the susceptibility to
] s R if g inherit breast and ovarian cancer.
958 CRE=
L5 9 O =
SET |5 c &
5% 28 4 | DISCUSSION
R <
o £ op T N
£ @ (Ol
% ‘g %_ § e LZ) % Targeted multigene panel analysis can provide detailed genetic infor-
= ~ >
SR ?} K mation for the identification or management of patients with heredi-
‘45 g» tary cancer.2>% Previous studies showed that expanded panel testing
2 = % 5 improves the identification of hereditary cancer risk for patients and
2 8 o =
£ f;u § § their family members, as cancer susceptibility genes were identified
c —
8 < < 2 in 1.9%-8.1% of patients with BRCA1/2 variant-negative breast/ovar-
~ o n -
< 5 g L ian cancer (Table 54).3%° By testing other genes besides BRCA1/2,
w % *5 < we identified a frequency of 4.4% P/LP variants. These variants were
2 S O
- ~ —
[~ 2 25 identified in 5 of 19 patients (26.3%) with early-onset breast cancer
o +
< v =}
- ° ] E (<40 years old at onset). All patients included in the study met the
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(A) €)1 V
BRCA76.5152+6T>C ‘O
Ex16 Ex18 Ex19 Ex20 = Vs
- — % Lnng Ca. (82) OvananCa (70)
. mEgii ek
s ]
= 86 bp 88 bp 78 bp 41bp S4bp™
BRCA7c.5152+6T>C 66 63 60
|
———— e
1
_ : 39
/,\ /p\ N AAAAAN /\ Breast Ca. (39)
VV ATAAATAY BRCA1c.5152+6T>C
v
12 1
(B) °
1
Exon17 ' Exon18
1
1. Control ] S G
1
) Tbp | I :
- - AVAVAYA / Y f /
400 bp VAYATA VW AJ /\
300 bp !
1
200 bp Exon17 1 Exon19
2. Patient; exon 8 deletion « G666 6 TG A
100 bp |
1
I Exon 16 | Exon 17 | Exon 19| Exon 20 | 269 bp - f\
- — I
1
RING NLS Coiled coil BRCT
1 (8-96) (503-508, (1367-1437).... (16461736, 1863a.a.
606-615) e 1780+ : : .
i 26 amino acids (1692~1717 a.a.) deletion
Qe OB, JEETTHRART Smsssimisssamn eI E DR T - in frame deletion on BRCT domains (1646-1736, 1760-1855 a.a.)
Sbjct 1681 TEETTHYVMKTDAEI KYFLG | AGGKWYYSYFWVTOS | KERKMLNEHDF EVRI 1740
Ouery 1715 /HA RNNm RHFR!’\ FW YGPF TNMPTDOL EWMV( 1774
HOG! E | CCYGPF TNMPTDOL EWMV! FTL
Sbjct 1741 NFF(NHFJI QL)DR? 1FRI’LE\U YGPF TNMPTDOL EWMV VVKELSSFTL 1800
Query 1775 \TFVHP\VVIOPDAWTEDN\ FHA | GOMCEAPYVTREWVLDSVAL YOCOELDTYL IPQIPH 1834
TGYHP | VVVOPDAWTEDNGFHA | GOMCEAPVYTREWVL DSVAL YQCOELDTYL |POIPH
Sbjct 1801 GTF\HPW\VDPDAWT[DNMHAH OML,EAPWTR[W/LDS\ALYU\ OELDTYL IPOIPH 1860
Query 1835 SHY 1837
Sbjct 1861 SHY 1863

FIGURE 2 Exon splicing analysis of the BRCA1 ¢.5152+6T>C variant of patient PT51. A, Schematic view of variant c.5152+6T>C
localization in the BRCA1 gene. PCR primer alignment is indicated with the red and blue bars. Sequencing analysis for genomic DNA is
presented below. B, RT-PCR of lymphocyte-derived RNA. Predicted scheme of mRNA transcript in control or patient samples (upper right
panel). Agarose gel (2%) electrophoresis; lane 1: control sample; lane 2: patient sample. Two PCR products were detected in the patient
sample (upper middle panel). Chromatogram sequences of the control and abnormal transcripts. Vertical line in the chromatogram indicates
the exonic junction in transcripts. Exon 18 (78 bp) skipping between exon 17 and exon 19 was identified (upper left panel). Functional
domains of BRCA1 and sequence alignment of the BRCA1 abnormal transcript (lower panel). Amino acid sequences of the splice variant
(c.5152+6T>C) were aligned using a reference sequence (NP_009225.1) via NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). BRCA1
¢.5152+6T>C was identified to encode a BRCA1 protein with an in-frame deletion (26 amino acids) in the BRCA1 C-terminal (BRCT) domain;
this may affect the function of the BRCA1 BRCT domain. The red line indicates the location of the in-frame deletion residues. C, Pedigree of

patient PT51

criteria for HBOC genetic testing according to the NCCN 2017 guide-
lines;*® however, 31.6% (6/19) also had a family history of cancers
other than HBOC (Table 3). This indicates that a multigene panel study
is more effective than a stepwise single-gene approach for HBOC ge-
netic assessment, as is advised by the NCCN guidelines.*®
Nevertheless, multigene panel testing in clinical settings rep-
resents a considerable challenge as these panels include moderate
or less well-defined genes as well as high-penetrant genes.e'("38 Lack
of clear management guidelines for variants in genes with undefined
cancer risks or P/LP variants in genes can be problematic. A variant
cannot be classified as a positive pathogenic result without an ex-
perimental study. Another concern is that the risk of overestimating

the clinical interpretation of VUS results in low- to moderate-risk

genes. In the present study, we identified that 49.0% of patients
had VUS within 23 genes including BRCA1/2 (data not shown). As
the number of genes tested and the frequency of multigene panel
testing continue to increase, the rate of VUS detection would also
increase. 303337

In this study, we observed MUTYH heterozygote c.857G>A
(p.Gly286Glu) (three cases) and c.544C>T (p.Arg182Cys) variants
(one case) with P/LP findings based on ClinVar data. It is known that
biallelic (homozygous or compound heterozygous) MUTYH variants
are related to MUTYH-associated polyposis syndrome, which results
in colorectal polyps and colorectal cancer; however, their associa-
tion with malignancies other than colon cancer is less robust.*%4!

Previous studies have reported an increased risk of breast cancer,


https://blast.ncbi.nlm.nih.gov/Blast.cgi
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without statistical evidence in monoallelic MUTYH variants.*>** In

a study that enrolled Sephardi Jews of North African descent, ho-
mozygote or heterozygote carriers of p.Gly396Asp in MYUTH were
found to be significantly increased in breast cancer patients (6.7%)
compared with controls (3.7%) (OR, 1.39; 95% Cl, 0.26-7.53).*4
Although a higher frequency of monoallelic MUTYH variants in fam-
ilies with both breast and colorectal cancer compared with those in
the general population is increasingly being reported,*®*?>%% more
evidence regarding the association between MUTYH variants and
other cancers should be elucidated.

We performed mRNA transcript analysis of eight intronic vari-
ants in BRCA1, BRCA2, BRIP1, CHEK2, PALB2, and PMS2, which
were classified as P/LP or VUS. The P/LP variants showed abnor-
mal transcriptional fragments. CHEK2 (cell cycle checkpoint kinase
2) is a well-established moderate-penetrance breast cancer gene,
but it lacks treatment and follow-up guidelines.”*® PALB2 (partner
and localizer of BRCA2) serves a crucial role in the localization and
stabilization of BRCA2 in nuclear chromatin, which is essential for
BRCAZ2 to function in the homologous recombination-mediated re-
pair of double-strand DNA breaks (DSBs)***8; PALB2 variants have
been reported to be associated with pancreatic cancer develop-
ment.*’ BRIP1 (BRCA1-interacting protein C-terminal helicase 1) en-
codes proteins that interact with BRCA1 during the repair of DSBs,
and pathogenic variants of this gene have been investigated.n50
Germline pathogenic variants of PMS2 (PMS1 homolog 2) are im-
plicated in Lynch syndrome and are associated with a significantly
increased risk of breast cancer.”* Previous studies have attempted
to identify some genes associated with DNA repair, such as ATM
and CHEK2, which have also been added to breast-cancer-specific
gene ;:)anels.13’14’52’53 However, there is controversy over whether
these rare variants are clinically associated with a risk of breast can-
cer®%375%4 nonetheless, evidence regarding breast cancer incidence
is limited.

In this study, the BRIP1 c.1794+1G>A (PT1) carrier was found to
possess a ¢.923_924del variant in the BRCA1 gene (Table 4, Table S2,
and Figure S3). Recently, BRIP1 c.1794+1G>A was registered as
likely pathogenic in the ClinVar database, but its effects have not
been reported in the literature. In our study, exon splicing analysis
indicated that BRIP1 ¢.1794+1G>A results in exon 12 deletion, lead-
ing to a frameshift mutation that creates a premature stop codon
in the BRIP1 protein (stop codon gained at 557 a.a.; reference se-
quence NP_114432.2; Table S2 and Figure S3). BRCA1 ¢.923_924del
(p.Ser308Lysfs*11) is another frameshift mutation resulting from a
deletion (Table S2). BRIP1 is a DNA helicase which interacts with
the C-terminal BRCT domain (1646-1736, 1760-1855 a.a.) of BRCA1
through its C-terminal-BRCA1-binding domain (888-1063 a.a.) and
functions in BRCA1-dependent DNA repair and DNA-induced
checkpoint activity.s5 De Nicolo et al*® suggested that a heterozy-
gous germline variant in the BRIP1 gene results in a truncated pro-
tein product and is associated with loss of the wild-type BRIP1 allele
in the tissues of affected breast cancer patients. Thus, the BRIP1
€.1794+1G>A/BRCA1 c.923_924del (p.Ser308Lysfs*11) double vari-

ants of patient PT1 may further increase the risk of breast cancer

Cancer Science NI e

through the instability and functional impairment of the encoded
proteins.

We further showed that BRCA1 ¢.5152+6T>C, classified as
VUS in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), has an
in-frame deletion in the BRCT domain resulting from exon 18
skipping. BRCT domains can form a phospho-recognition motif
that preferentially binds proteins containing phosphoserine and
interact with several proteins implicated in DNA repair, including
Abraxas, BRIP1, and CtIP.’® BRCA1 c.5152+6T>C was detected
in patient PT51, who was diagnosed with triple-negative breast
cancer (TNBC) IDC at 39 years of age. The proband's grandfather
died of lung cancer and the grandmother died of ovarian cancer
at 77 years old (Figure 2). Splicing variants in BRCT domains of
BRCA1 have been reported to be associated with aberrant splic-
ing in patients with breast/ovarian cancer.?”%” This variant does
not have frequency information in genome databases, including
EXAC (http://exac.broadinstitute.org/) and gnomAD (http://gno-
mad.broadinstitue.org), and has not been reported in the litera-
ture. Moreover, BRCA1 c.5152+6T>C was not detected in the
393 healthy female Korean controls (Table 4). By employing a
saturation-genome-editing technique based on CRISPR-mediated
homology-directed repair, Findlay et al®® suggested that BRCA1
c.5152+6T>C is a loss-of-function variant. Thus, we propose
that BRCA1 ¢.5152+6T>C be reclassified as likely pathogenic.
Nevertheless, further analysis of the patient and relatives is
needed to clarify the actual clinical impact of this variant. In ad-
dition, the detected pathogenic variants should have moderately
established carcinogenic lifetime risk as well as appropriate coun-
seling recommendations for the patient.

The use of customized multigene panels to confirm associa-
tions with genes other than BRCA1/2 in patients with HBOC has
increased, and through this approach we have revealed additional
pathogenic variants in 4.4% of cases. Although this study included
fewer ovarian cancer patients than breast cancer patients due
to the low consent rate, our results highlight the importance of
performing multigene panel testing of patients with HBOC in
the Korean population as an alternative strategy for identifying
shaded P/LP variants. We also demonstrated how exon splicing
analysis by conducting in silico predictions or functional studies
using patient samples can be beneficial in the identification of
uncharacterized intronic variants that are expected to increase
HBOC risk. Finally, further analysis is warranted to determine the
clinical impact and patient outcomes associated with the identifi-
cation of P/LP variants in non-BRCA1/2.
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