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Copy Number Variations (CNVs) Account for
10.8% of Pathogenic Variants in Patients
Referred for Hereditary Cancer Testing
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Abstract. Background/Aim: Germline
variation (CNV) is a type of genetic variant that predisposes
significantly to inherited cancers. Today, next-generation
sequencing (NGS) technologies have contributed to multi
gene panel analysis in clinical practice. Materials and
Methods: A total of 2,163 patients were screened for cancer
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susceptibility, using a solution-based capture method. A
panel of 52 genes was used for targeted NGS. The capture-
based approach enables computational analysis of CNVs
from NGS data. We studied the performance of the CNV
module of the commercial software suite SeqPilot (JSI
Medical Systems) and of the non-commercial tool
panelecn MOPS. Additionally, we tested the performance of
digital multiplex ligation-dependent probe amplification
(digitalMLPA). Results: Pathogenic/likely pathogenic
variants (P/LP) were identified in 464 samples (21.5%).
CNV accounts for 10.8% (50/464) of pathogenic variants,
referring to deletion/duplication of one or more exons of a
gene. In patients with breast and ovarian cancer, CNVs
accounted for 102% and 6.8% of pathogenic variants,
respectively. In colorectal cancer patients, CNV accounted
for 28.6% of pathogenicl/likely pathogenic variants.
Conclusion: In silico CNV detection tools provide a viable
and cost-effective method to identify CNVs from NGS
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experiments. CNVs constitute a substantial percentage of
P/LP variants, since they represent up to one of every ten
P/LP findings identified by NGS multigene analysis;
therefore, their evaluation is highly recommended to improve
the diagnostic yield of hereditary cancer analysis.

The inheritance of pathogenic variants in one or more genes
predispose to various cancer types, typically with early onset.
All cancers are generated by the accumulation of variants
and the resulting dysregulation of critical genes involved in
the pathways that control cell proliferation, survival, and
DNA maintenance (1). Comprehensive gene analysis should
be performed, including methods efficiently detecting all
types of variants such as single base alterations and minor
insertions/deletions, as well as germline copy number
variations (CNVs) (2).

CNVs are at least 50 base pair (bp) genetic variations in
comparison to the reference genome and correspond to
deletions, duplications, and complex multisite variants (3).
CNV identification is currently recommended in
comprehensive cancer genomic testing methodologies. There
are various molecular techniques for CNV detection
including array comparative genomic hybridization (array
CGH), multiplex ligation-dependent probe amplification
(MLPA) and quantitative real time PCR (RT-PCR) (4).
MLPA is the most established and commonly used
technology for detecting CN'Vs in one or a few cancer genes,
but it is time-consuming and expensive in comparison to
other techniques, and each gene requires a unique design.

Next-generation sequencing (NGS) is a method for
detecting CNVs using the level of coverage of reads that
have been matched to the human reference genome. The
depth of coverage corresponds to the number of copies of a
specific chromosomal region, and current molecular
approaches are likely to be gradually displaced by these new
sequencing technologies (5).

In this study, we investigated the performance of the CNV
module of the commercial software suite SeqPilot (JSI
Medical Systems) and the non-commercial utility
panelen. MOPS (6) to analyze NGS data as a screening
approach for hereditary cancer genetic diagnostics testing, and
the exon-level CNVs. The results were confirmed using the
MLPA method. Furthermore, we assessed the effectiveness of
digital multiplex ligation-dependent probe amplification
(digitalMLPA), a novel technology that combines MLPA and
NGS approaches for detecting cancer-related CNVs.

Materials and Methods

A total of 2,163 patients who were referred to Genekor’s Medical
S.A (Athens, Greece) laboratory for genetic testing using a
hereditary cancer panel were evaluated. Specifically, we tested
1,785 breast cancer patients, 267 ovarian cancer patients, and 111
colon cancer patients. Prior to molecular genetic testing, all patients
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signed an informed consent form, and authorization was granted for
the anonymous use of their data for research purposes and/or
scientific publications. Furthermore, demographic information,
clinical and family history of patients, and pedigrees were ordered
by clinicians at the time of testing.

According to the manufacturer’s instructions, genomic DNA was
extracted from peripheral blood using the MagCore® Genomic DNA
Whole Blood Kit (RBC Bioscience, New Taipei City, Taipei, Taiwan,
ROC). A solution-based capture technique was used to analyze genes
involved in hereditary cancer predisposition. As previously described
(7), targeted NGS was performed with a panel of 52 genes (APC,
ATM, ATR, AXIN2, BAPI, BARDI, BMPRIA, BRCAI, BRCA2,
BRIPI,CDHI, CDK4,CDKN2A, CHEK2, EPCAM, FANCA, FANCL,
FANCM, GALNTI2, GENI, HOXB13, MENI1, MLHI, MRE1l, MSH2,
MSH3, MSH6, MUTYH, NBN, NF1,NTHLI, PALB2, PMS2, POLDI,
POLE, PPP2R2A, PTEN, RAD50, RAD5IB, RAD51C, RADSID,
RET, RNF43, RPS20, SMAD4, SMARCA4, STKI11, TP53, VHL)
(Roche NimbleGen SeqCap EZ Choice, Pleasanton, CA, USA), and
sample preparation was carried out in accordance with the
manufacturer’s instructions in the SeqCap EZ Choice Library User’s
Guide (Roche NimbleGen). Sequencing was carried out using the
DNBSEQ-G400 technology (MGI Tech Co., Ltd., Beishan Industrial
Zone, Shenzhen, PR China) and the commercially available software
suite SeqNext version 4.4.0 (JSI Medical Systems GmbH, Ettenheim,
Germany); sequence alterations were identified and interpreted in the
context of a single clinically relevant transcript.

The presence of CNVs was investigated using the commercial

computational algorithms SeqPilot (JSI medical systems GmbH)
and panelen.MOPS and MLPA. First, we used the SeqPilot and
panelcn.MOPS algorithms to screen all genes of clinical interest,
and then we used the MLPA (Multiplex Ligation-dependent Probe
Amplification, MRC Holland, DL, Amsterdam, the Netherlands)
approach to validate CNVs. Samples that failed quality control (QC)
of the computational analysis of CNVs from NGS data by the two
algorithms were analyzed by default with MLPA (Figure 1).
Additionally, the samples of 381 of the 2163 patients included in
this studied were analyzed using digitalMLPA.
The clinical significance of all identified CNVs was assessed using
the American College of Medical Genetics and Genomics (ACMG)
and Clinical Genome Resource (ClinGen) standards for CNV
variant classification (8).

Computational analysis of CNVs from NGS data. The capture-based
approach allowed the computational analysis of CNVs from NGS
data. The CNV module of the software suite SeqPilot (JSI Medical
Systems) and panelecn.MOPS were utilized for this purpose.
Panelen.MOPS detected CNVs ranging in size from a portion of a
region of interest (ROI) to entire genes, which may include all ROIs
studied in a given sample. Furthermore, panelen. MOPS offers QC
criteria not only for samples, but also for individual ROIs within a
sample, which increases confidence in called CNVs.

MLPA. The MLPA reactions were carried out in accordance with the
manufacturer’s instructions: Denatured genomic DNA was used to
hybridize MLPA probes using the SALSA MLPA probe mix
(BRCAI: P002; BRCA2: P045; CHEK2: P190; EPCAM, MSHG6:
P072, MLHI, MSH2: P003; MUTYH: P378; PALB2, RADSO0,
RADS5I1C, RAD51D: P260; TP53: P056, MRC Holland). The
reactions, including the negative control samples, were carried out
exactly as directed by the manufacturer. The SeqStudio Genetic
Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) was
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Figure 1. Schematic of the study’s workflow. The capture-based method enabled computational analysis of copy number variations (CNVs) in next-

generation sequencing (NGS) data.
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Figure 2. Variant types identified in the 52 genes tested in this study. A) Distribution of variant types for the pathogenic/likely pathogenic variants
identified in 464 individuals with positive findings. B) Distribution of genes with copy number variations (CNVs).

utilized for electrophoresis and the analysis was carried out using
the Coffalyser.Net software.

DigitalMLPA. DNA from 381 patients was tested and validated in
collaborate laboratories using a test version of the DO001-Bl
Hereditary Cancer Panel 1, which was recently produced by MRC
Holland. The probemix included the following: a) 558 probes
detecting copy number alterations in the following hereditary cancer
genes: APC, ATM, BAP1, BARDI, BMPRIA, BRCAI, BRCA2,
BRIP1, CDHI, CDK4, CDKN2A, CHEK?2, EPCAM, MITF, MLH1,
MSH2, MSH6, MUTYH, NBN, PALB2, PMS2, POLE, PTEN,
RADS5IC, RAD51D, GREM1, SMAD4, STK11 and TP53, b) Five
mutant-specific probes that generate probe reads only when a
particular mutation is present, ¢) Three wild type specific probes
used to detect the wild type sequence of a specific mutation, and d)
More than 120 control probes and fragments. The digitalMLPA
processes were carried out as directed by the manufacturer, and
sample-specific products from several reactions were pooled,

diluted, denatured, and loaded onto an Illumina MiSeq V3 standard
flow-cell for 115-bp single-read sequencing. After assessing the
quality of the produced FASTQ files, readings were assigned to
digital MLPA probes and data were analyzed using in-house
bioinformatics software (MRC Holland).

Results

In 464 samples (21.5%), at least one pathogenic/likely
pathogenic (P/LP) variant was found. CNVs accounted for
10.8% (50/464) of the observed P/LP variations, referring to
the deletion/duplication of one or more exons of a gene.
Seventy-two percent of the 50 CNVs found were in high-risk
cancer genes (54% BRCAI, 2% BRCA2, 8% PMS2, 8%
MSH?2), 20% in moderate-risk genes (16% CHEK2, 4%
ATM), and 8% in a low-risk gene (8% FANCA) (Figure 2).
In this investigation, deletions were the most often found
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Table 1. Pathogenic/likely pathogenic copy number variations (CNVs) identified in this study.

Gene HGVS nomenclature Other nomenclature # Detected  Type of ClinVar
cancer  (Variation ID)
ATM NM_000051:¢.(-30+1_-29-1)_(331+1_332-1)del Deletion of exons 2-4 1 Breast 648529
ATM NM_000051:¢.(8850+1_8851-1)_(*1_?)del Deletion of exons 62-63 1 Breast 38048
BRCAI NM_007294:¢.(4675+1_4676-1)_(4986+1_4987-1)del Deletion of exon 15 1 Breast 417597
BRCAI NM_007294:¢c.(5467+1_5468-1)-(*1_?)del Deleti3e8on of exon 22 8 Breast; 583664
Ovarian
BRCAI NM_007294:¢.(5406+1_5407-1)_(*1_?)del Deletion of exons 22-23 8 Breast 219561
BRCAI NM_007294:¢c.(5193+1_5194-1)-(5277+1_5278-1)del Deletion of exon 19 10 Breast; 462183
Ovarian
BRCA2 NM_000059:c.(6841+1_6842-1)_(7007+1_7008-1)del Deletion of exons 12-13 1 Breast 216030
CHEK?2 NM_007194:¢.(908+1_909-1)_(1095+1_1096-1)del Deletion of exons 9-10 6 Breast 981983
CHEK2 NM_007194:¢.(792+1_793-1)_(846+1_847-1) Deletion of exon 7 2 Breast 460676
FANCA NM_000135:¢.(1626+1_1627-1)_ (2852+1_2853-1)del Deletion of exons 18-29 2 Breast 583486
FANCA NM_000135:¢.(893+1_894-1)_(1359+1_1360-1)del Deletion of exons 11-14 2 Breast 832475
MSH?2 NM_000251:c.(211+1_212-1)_(1276+1_1277-1)del Deletion of exons 2-7 1 Colon 90896
MSH?2 NM_000251:¢.(366+1_367-1)_(792+1_793-1)del Deletion of exons 3-4 1 Colon 455047
MSH?2 NM_000251:c.(2458+1_2459-1)_(2634+1_2635-1)dup Duplication of exon 15 1 Colon -
MSH2/EPCAM NM_000251:c.(?_1)_(211+1_212-1)del/ Deletion of exon 1/ 1 Colon 417434
NM_002354:¢.(858+1_859-1)_(*1_7) deletion of exons 8-9
PMS?2 NM_000535:¢.(903+1_904-1)_(988+1_989-1)del Deletion of exon 9 1 Colon 91380
PMS2 NM_000535:¢.(23+1_24-1)_(988+1_989-1)del Deletion of exons 2-9 1 Colon 417546
PMS2 NM_000535:¢.(705+1_706-1)_(2006+1_2007-1)del Deletion of exons 7-11 2 Colon 455095

type of CNV. Furthermore, 46% (23/50) of detected CNVs
involved a single exon, while the remaining 54% (27/50)
involved several exons. Table I contains detailed information
for all CNVs detected. P/LP variants were found in 362
(20.3%) and 74 (27.7%) patients with breast and ovarian
cancer, respectively, while CNVs accounted for 10.2%
(37/362) and 6.8% (5/74) of the clinically relevant cases,
respectively. CNVs accounted for 28.6% of P/LP variations
(8/28) in colorectal cancer patients (Figure 3).

The deletion of exon 19 in the BRCAI gene was the most
often found CNV (20%). This variant is a large rearrangement
that encompasses exon 19 of the BRCAI gene, resulting in
exon 19 deletion. Exon 19 encodes amino acid residues that
are part of the BRCA1 C-Terminal domain (BRCT) domain,
which is known to be crucial for BRCAI protein activity.
Furthermore, exon 9-10 deletions in the CHEK?2 gene account
for 12% of all CNVs found in our analysis. This variation
involves a large genomic rearrangement that results in the
deletion of CHEK?2 exons 9-10. It is likely to result in a
missing or disrupted protein product.

The CNVs were analyzed using the SeqPilot software suite’s
CNV module (JSI Medical Systems) and panelcn.MOPS. Both
algorithms were developed exclusively for CNV analysis of
sequencing data, with 99-100% sensitivity and up to 100%
specificity for the prediction of CNVs up to the level of a single
gene exon. Figure 4 depicts an example of PMS2 deletion
detection utilizing computational techniques and MLPA. A
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deletion of exons 2-9 in the PMS2 gene was identified in a 42-
year-old individual with colon cancer. This variation involves a
complete deletion of the region containing PMS2 exons 2-9. It
generates an early translational stop signal, which is likely to
result in a missing or damaged protein product.

The comparison of digital MLPA data with traditional
MLPA and computational analysis of CNVs from NGS data
of 381 samples revealed 100% concordance. No CNV was
detected in 99.2% of the samples. The CNVs identified in
four patients were: a deletion of exons 9-10 in CHEK?2, a
loss of exon 19 in BRCAI, a deletion of exons 22-23 in
BRCAI, and a deletion of exons 62-63 in ATM.

Discussion

Breast, colon, ovarian, and endocrine neoplasia are the most
penetrant hereditary cancer syndromes, accounting for 5% to
10% of all cancers (9). Cancer genetic testing is an effective
diagnostic test that promotes cancer prevention and early
detection in people with genetic predisposition to cancer. The
implementation of NGS technology has resulted in a revolution
in diagnostic procedures; it allows for the simultaneous
analysis of numerous genes and samples while reducing prices
and turnaround time (10).

Nevertheless, accurate validation of bioinformatics
algorithms for CNV identification from NGS data has been
proven more difficult than for other types of variations such as
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Figure 3. Percentage of pathogenic/ likely pathogenic (P/LP) copy number variations (CNVs) compared to all identified P/LP variants in the different

types of cancer.

point mutations or small deletions and insertions. CNVs have
been found in hereditary breast/ovarian cancer, accounting for
a small but clinically significant fraction of patients. While loss
of function sequence alterations account for the majority of
BRCAI and BRCA?2 variations, CNVs have been found to
account for 3-15% of all BRCAI and BRCA?2 variants (11, 12).

In this study, CNVs were found in 42 samples of patients
with breast and ovarian cancer. CNVs were observed in the
BRCAI/BRCA2 genes in 28 of the 42 samples (67%); CNVs
were also found in the ATM (5%), CHEK?2 (19%), and FANCA
(10%) genes. The ATM gene is implicated in homologous
recombination (HR) and is associated with a 15-40% increased
risk of autosomal dominant breast cancer, a 5-10% increased
risk of pancreatic cancer, and a 5%-10% increased risk of
colorectal cancer in persons bearing a single P/LP variant (13,
14). Monoallelic ATM P/LP pathogenic variants may also be
related with ovarian cancer (3%) (15). The CHEK2 gene is
implicated in HR and is linked to the Fanconi anemia (FA)-
BRCA DNA damage repair pathway (16). Carriers of
pathogenic frameshift CHEK?2 variants have a 2- to 5-fold
increased breast cancer risk compared to the general population
(17). The FANCA gene is also implicated in HR and is linked
to FA-A (autosomal recessive Fanconi anemia). Furthermore,
P/LP variations in the FANCA gene are linked to breast,
ovarian, and prostate cancer, with the estimated risk still
unknown (18). Patients with P/LP germline variations in HR
genes may benefit from platinum-based treatment and PARP
inhibitor treatment, while therapeutic benefit has not been
demonstrated for all HR genes (19, 20).
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CNV analysis is also required in patients with colorectal
cancer, as it accounts for 28.6% of the P/LP variations
identified in this study. Lynch syndrome (LS) is an
autosomal dominant illness with significant penetrance that
affects approximately 3% of colorectal cancer cases and is
linked to inherited germline variants in genes involved for
DNA mismatch repair (MMR) (MSH2, MLH1, MSH6, and
PMS2). CNVs occur in 10% to 20% of LS cases, depending
on the clinical and molecular criteria used to identify patient
cohorts. MSH2 is the gene that most commonly shows
deletions. MSH6 and MLHI gross deletions/duplications
have also been found, but at a lower frequency (21). The
NCCN Guidelines for Colorectal Assessment advised genetic
testing/counseling and management strategies for individuals
with P/PL variations in MMR genes. Furthermore, the
discovery of germline changes in MMR genes has
therapeutic significance, as it may aid in the prediction of
immunotherapy benefits (22).

There are numerous approaches for detecting CNVs,
including aCGH array and MLPA, however both have
limitations. In this study, we examined how two NGS CNV
calling techniques could be used as a screening tool before
MLPA validation in a hereditary cancer genetic diagnostic
test. The CNV module of the SeqPilot software suite (JSI
Medical Systems) and panelen.MOPS demonstrated great
specificity, as expected, because all CNVs discovered using
these methods were later experimentally validated using the
MLPA approach. These findings highlight the importance of
incorporating CNV analysis into NGS panel testing on a
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Figure 4. A case of a patient with a pathogenic copy number variation (CNV). A) Patient pedigree with a deletion of exons 2-9 in the PMS2 gene.
B) Detection of CNVs using next-generation sequencing utilizing JSI software was used to visualize the deletion of PMS2 germline exons 2-9. The
bar plot depicts the relative coverage of each target ROI of the patient sample in green and the average relative target coverage of control samples
in blue. Below each couple of bars is the ratio of the coverage of target ROIs of the patient sample versus the controls. Reds lines correspond to
the 75% deletion limit (lower red dotted line) and the 135% duplication limit (upper red dotted line) for the calculated ratio. The average relative
target coverage data are reported as means=standard deviations of control samples. C) Sample plots from Coffalyser.Net displaying probe ratios
with 95% confidence intervals as error bars for all PMS2 exons. The proband’s MLPA analysis revealed heterozygous deletions of exons 2-9 in the
PMS2 gene (SALSA MLPA probemix PO0S, MRC Holland).
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regular basis, a technique that will significantly increase the
efficiency of screening for hereditary cancer. Furthermore,
finding CNVs in cancer patients improves diagnostic yield.

Appropriate genetic analysis enables proper clinical
management and the development of relevant therapeutic
strategies for patients with a positive finding. Similarly, it
allows the individualization of cancer risk assessment for all
carrier family members.

In conclusion, the integration of multiple CNV detection
techniques (such as array CGH and MLPA, NGS and MLPA,
gPCR, and digital MLPA) has the potential to provide accurate
CNV analysis. In addition to SNV and indels, comprehensive
genetic testing should also include CNV evaluation for all
individuals with suspicion of inherited cancer, as CNVs account
for up to one in ten P/LP variants detected by NGS.
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