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Here we report the results of a retrospective germline analysis of 6941 individuals fulfilling the criteria necessary for genetic testing
of hereditary breast- and ovarian cancer (HBOC) according to the German S3 or AGO Guidelines. Genetic testing was performed by
next-generation sequencing using 123 cancer-associated genes based on the Illumina TruSight® Cancer Sequencing Panel. In 1431
of 6941 cases (20.6%) at least one variant was reported (ACMG/AMP classes 3–5). Of those 56.3% (n= 806) were class 4 or 5 and
43.7% (n= 625) were a class 3 (VUS). We defined a 14 gene HBOC core gene panel and compared this to a national and different
internationally recommended gene panels (German Hereditary Breast and Ovarian Cancer Consortium HBOC Consortium, ClinGen
expert Panel, Genomics England PanelsApp) in regard of diagnostic yield, revealing a diagnostic range of pathogenic variants (class
4/5) from 7.8 to 11.6% depending on the panel evaluated. With the 14 HBOC core gene panel having a diagnostic yield of
pathogenic variants (class 4/5) of 10.8%. Additionally, 66 (1%) pathogenic variants (ACMG/AMP class 4 or 5) were found in genes
outside the 14 HBOC core gene set (secondary findings) that would have been missed with the restriction to the analysis of HBOC
genes. Furthermore, we evaluated a workflow for a periodic re-evaluation of variants of uncertain clinical significance (VUS) for the
improvement of clinical validity of germline genetic testing.

European Journal of Human Genetics (2023) 31:925–930; https://doi.org/10.1038/s41431-023-01380-2

INTRODUCTION
About 20% of all familial cases of hereditary breast and ovarian
cancer (HBOC; MIM: 114480, 167000) are caused by pathogenic
heterozygous variants in the two major risk genes BRCA1 (MIM:
113705) and BRCA2 (MIM: 600185) [1, 2] and since breast cancer is
one of the leading causes of death in women worldwide, the
genes associated with breast cancer are certainly among the most
analysed in humans. Over the past decades, other high- and
moderate-penetrance genes besides BRCA1 and BRCA2 have been
linked to HBOC [3, 4].
In general, predisposition to HBOC can be assigned to one of

three classes: (1) rare but highly penetrant variants in the genes
BRCA1, BRCA2, PALB2 (MIM: 610355) and TP53 (MIM: 191170); (2)
rare, moderately penetrant variants, e.g. in the genes CHEK2 (MIM:
604373) and ATM (MIM: 607585); and (3) variants with higher
frequency in the population (single nucleotide variants [SNVs]),
which individually represent only a very small increase in risk, but
which can be combined to form a polygenic risk score (PRS) [5, 6].
Unfortunately, all known high, moderate, and low risk genes or
alleles identified so far leave the majority of BC and OC cases
unexplained [7] or, in ~5–20% of the cases, result in the detection
of so-called variants of uncertain significance (VUS) at the time of
reporting [8–10]. The identification of individuals carrying
pathogenic variants in genes associated with HBOC is nevertheless
very important, as this is the basis of personalised medical care for
patients and at-risk family members [11–14].

This study provides data of 6941 suspected HBOC patients
analysed for 123 genes based on the Illumina TruSight® Cancer
Sequencing Panel with regard to positive findings (e.g. a variant
was reported) including the grading of the corresponding variant
according to ACMG/AMP (American College of Medical Genetics
and Genomics, Association for Molecular Pathology) criteria [15].
Although there are recommendations at national and interna-

tional level as to which genes should be analysed in the context of
a hereditary breast and ovarian cancer diagnosis the individual
composition of the corresponding gene panels varies greatly and
there are still major differences in the diagnostic approach [16, 17]
and consequently in the diagnostic yield (Supplementary
Table S1). Despite these different panel strategies, studies have
shown the clear clinical utility of multi-gene panels for HBOC
testing [16, 18].
In Germany, the German HBOC Consortium has recommended

analysing 11 genes as part of HBOC testing [19]; internationally,
ClinGen (“Breast Cancer Gene Curation Expert Panel”= 11 genes
and “Ovarian Cancer Gene Curation Expert Panel”= 11 genes)
(https://www.clinicalgenome.org/affiliation/40042/) as well as the
PanelApp from Genomics England (“Inherited breast cancer and
ovarian cancer”= 5 genes, “Pertinent cancer susceptibility”= 5
genes and the “Familial breast cancer”= 26 genes) (https://
panelapp.genomicsengland.co.uk/) recommend other genes, with
BRCA1, BRCA2 and PALB2 being the only genes included in all
recommendations. The situation is aggravated by the fact that the
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content of the different recommended gene panels for HBOC has
been changed several times over the last decade due to new
gene-disease associations. For the present work, we have
structured the results in such a way that we can compare an
internal 14-gene HBOC core panel with the alternative gene
panels described above. In addition, we were able to further
recognise other tumour risk syndromes (TRS) based on the
underlying 123 gene backbone. Furthermore, we present data for
the first 106 re-evaluated VUSs revaluated on a regular basis,
significantly improving variant classification [20–24].

METHODS
Subjects
A total of 6941 patients fulfilling the criteria necessary for genetic testing in
Germany (S3 [19] or AGO Guidelines https://www.ago-online.de/ago-
kommissionen/kommission-mamma) gave informed consent for genetic
testing with regard to HBOC including secondary findings.

Study design
We retrospectively analysed our cohort which had been tested by Next-
Generation Sequencing (NGS; Illumina NextSeq and NovaSeq) according to
diagnostic yield (ACMG/AMP classes 3, 4 and 5) and secondary findings.
We defined the core HBOC gene panel with the following 14 genes: BRCA1,
BRCA2, ATM, CDH1, CHEK2, NF1, PALB2, PTEN, RAD51C, RAD51D, STK11, TP53,
BARD1 and BRIP1 and used an Agilent SureSelectXT gene panel custom kit
containing 123 genes (“Hereditary Cancer Syndromes—Comprehensive
Panel”) as an enrichment backbone. The 123 gene set is based on the
Illumina TruSight® Cancer Sequencing Panel (Cat. No. C-121-0202), a
detailed list of the covered 123 genes can be found in Supplementary
Table S1.
In total, 4867 datasets were analysed for copy number variants (CNV´s)

using MLPA (MRC Holland; SALSA MLPA BRCA1 P002 and BRCA2 P045)
technologies, for all other cases the CNV analysis was performed
using NGS.

High throughput sequencing and bioinformatics pipeline
DNA samples were extracted from peripheral blood (2–4ml EDTA). Gene
targeted enrichment was performed with the SureSelectXT gene panel
custom kit (Agilent Biosciences) or the Twist Human Comprehensive
Exome Kit (Twist Biosciences). Massively parallel sequencing was carried
out on an Illumina NextSeq 500 or a Novaseq 6000 system (Illumina, San
Diego, CA) as 150 bp paired-end runs using v2.0 SBS chemistry.
Sequencing reads were aligned to the human reference genome
(GRCh37/hg19) using BWA (v0.7. 13-r1126) with standard parameters.
Statistics on coverage and sequencing depth on the clinical targeted
regions (i.e. RefSeq coding exons and ±5 intronic region) were calculated
with a custom script.
Gene panel enrichment-based SNV and INDEL calling was conducted

using SAMtools (v1.3.1) with subsequent coverage and quality dependent
filter steps. Variant annotation was performed with snpEff (v4.2) and
Alamut-Batch (v1.4.4). CNV calling was performed using is a combination of

four open source tools (ExomeDepth, Clamms, Canoes, Codex) and an in-
house developed method (Mann–Whitney U test and heterozygosity
check). A call was considered if at least two out of the five methods are
concordant for the respective CNV.
Exome enrichment-based SNV, INDEL and CNV calling was conducted

with VARFEED worker 1.5.1 (Varvis, Limbus Technologies). Only SNVs and
small INDELs in the coding and flanking intronic regions (±50 bp) were
evaluated.

Classification of genetic variants
The variant interpretation was done by certified molecular and clinical
geneticists specialised in data analysis and annotation with significant
relevant expertise. Data from multiple sources were evaluated for the
assessment of the potential pathogenicity of each variant. The variants
were classified according to the ACMG/AMP guidelines with the 5-tier
classification system: class 5 (pathogenic), class 4 (likely pathogenic), class
3 (variants of unknown significance, VUS), class 2 (likely benign) and class 1
(benign) [15]. The primary literature cited by HGMD curators, PubMed and
Mastermind Genomic Search Engine (https://www.genomenon.com/
mastermind) was reviewed. Variant interpretation was compared to the
most established variation reference databases (HGMD and ClinVar).
HGMD represents an attempt to collate all known (published) gene lesions
responsible for human inherited disease [25]. ClinVar is a freely accessible,
public archive of reports of the relationship among human variations and
phenotypes, with supporting evidence [26]. ClinVar uses standard terms for
clinical significance recommended by an authoritative source when
available. These standards include: the 5-tier classification system for
Mendelian diseases recommended by ACMG/AMP. Differences in inter-
pretation among submitters within those five tiers are reported as a
conflict using the phrase “conflicting interpretations of pathogenicity”.
Generally we submit all variants we list in diagnostic reports to the LOVD

[https://www.lovd.nl/3.0/home] and/or ClinVar [26].

Periodic re-evaluation of variants of uncertain significance
We have implemented a recall system in our LIMS that marks patient
findings with VUS in a 2-year cycle. This system was launched in 2018 and
the first VUS were re-evaluated from 2020 (n= 106). For the re-evaluation,
a thorough database search was performed and the variants were (re-)
classified according to the latest recommendations of the “Sequence
Variant Interpretation Working Group“ (SVI) (https://clinicalgenome.org/
working-groups/sequence-variant-interpretation/) of the ACMG/AMP clas-
sification guidelines [15].

RESULTS
Of the 6941 individuals at least one variant of ACMG/AMP class 3
to 5 was reported in 1431 cases (20.6%) (Supplementary Table S1)
based on the comprehensive 123 gene panel (“Hereditary Cancer
Syndromes—Comprehensive Panel”). Of these 1431 cases, 806
(56.3%) carry at least one ACMG/AMP class 4 or 5 variant (Table 1),
while 625 (46.7%) only class 3 variant(s) (VUS) (Supplementary
Table S2).

Table 1. Found pathogenic variants applying different gene panels.

Gene panel # of genes class 4/5 cases Dx yield

HBOC core panel 14 759 747 10.8%

German HBOC Consortiums Panel 11 751 739 10.6%

ClinGen: Breast Cancer Gene Curation Expert Panel 11 733 722 10.4%

ClinGen: Ovarian Cancer Gene Curation Expert Panel 11 564 560 8.1%

Genomics England PanelApp: Inherited breast cancer and ovarian cancer 5 715 704 10.1%

Genomics England PanelApp: Pertinent cancer susceptibility 5 541 538 7.8%

Genomics England PanelApp: Familial breast cancer 26 795 778 11.2%

Hereditary Cancer Syndromes—Comprehensive Panel 123 825 806 11.6%

A comprehensive list of all pathogenic variants (ACMG/AMP class 4/5) within the various recommended HBOC gene panels. Given are all the potentially solved
cases using the corresponding panel and the resulting diagnostic yield. See Supplementary Table S1 for further information regarding the genes covered by
these panels.
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If the above mentioned national and international gene panel
recommendations were followed (German Consortium, ClinGen
Expert Panel, Genomics England PanelsApp), differences in
diagnostic yields for pathogenic variants (class 4/5) would range
from 7.8 to 11.6% (Table 1). Considering the variants of uncertain
significance as well, a variant (class 3–5) would have been
reported in 11.5% (Genomics England PanelApp: Pertinent cancer
susceptibility) to 20.6% (Hereditary Cancer Syndromes—Compre-
hensive Panel) of cases (Supplementary Table S1).
A total of 1417 ACMG/AMP class 3 to 5 variants were reported in

our defined HBOC core panel representing 92.1% of the 1538
overall identified variants by the comprehensive panel (Supple-
mentary Table S1). The pathogenic variants within the HBOC core
panel (ACMG/AMP class 4 and 5) were distributed according to
Fig. 1A, with BRCA1 (n= 254), BRCA2 (n= 227), CHEK2 (n= 128),

ATM (n= 60) and PALB2 (n= 46) being the top 5 genes. The
distribution of VUS within our HBOC core panel followed a similar
descending frequency pattern with ATM (n= 144) as the top gene
followed by BRCA2 (n= 136), CHEK2 (n= 115), BRCA1 (n= 68) and
PALB2 (n= 59), completing the top 5 genes (Fig. 1A).
The by the HBOC core panel missed 121 variants (7.9%) were

located in thereafter named non-core genes as shown in
Supplementary Table S2. Of these 121 non-core gene variants,
66 are reported as class 4/5 and 55 VUS. The majority of VUS are
located within NBN (n= 16), MSH6 (n= 10) and MLH1 (n= 7)
(Supplementary Table S2). The pathogenic variants outside the
HBOC core panel (n= 66) resulting in the diagnosis of other TRS
than HBOC as shown in Fig. 1B.
Of 106 VUS re-evaluated so far, 9% (n= 10) could be re-

classified as pathogenic (ACMG/AMP class 4 or 5), 40% (n= 42)

Fig. 1 Distribution of reported variants across 123 cancer-associated genes. A Descending distribution based on the number of pathogenic
(ACMG/AMP class 4/5) variants (n= 66) in the HBOC core gene set (n= 14). The variants of unknown significance are depicted as grey bars.
The numbers on top of the bars, correspond to the number of variants reported in the corresponding gene. B Reported pathogenic (ACMG/
AMP class 4/5) variants outside the HBOC core gene set associated with other TRS than HBOC. Only genes with reported pathogenic (ACMG/
AMP class 4/5) variants are shown (Supplementary Table S2).
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could be re-classified as benign (class 1 or 2) and 51% (n= 54)
remained uncertain (ACMG/AMP class 3) (Fig. 2 and Supplemen-
tary Table S3).

DISCUSSION
Although there are recommendations at national and international
level as to which genes should be analysed in the context of a
hereditary breast and ovarian cancer diagnosis, the individual
composition of the corresponding gene panels varies greatly,
inevitably resulting in differences regarding the diagnostic yield.
For patients who fulfil the German criteria for HBOC testing (AGO
guideline), the German HBOC Consortium recommended a panel
comprising 10 genes (ATM, BRCA1, BRCA2, BRIP1, CDH1, CHEK2, PALB2,
RAD51C, RAD51D and TP53) which has only recently been upgraded
to 11 genes (BARD1 added) [19]. The ClinGen “Breast/Ovarian Cancer
Gene Curation Expert Panel” (https://www.clinicalgenome.org/
affiliation/40042/) suggests analysing 11 genes each for BC and for
OC in the diagnostic setting, whereby only the genes BRCA1, BRCA2
and PALB2 are included in both sets, the genes ATM, CDH1, BARD1,
CHEK2, PTEN, TP53, STK11 and RECQL are only recommended for BC
and the genes MLH1, MSH2, MSH6, PMS2, EPCAM, RAD51C, RAD51D
and BRIP1 are only included in the OC setting [16]. Consulting the
curated gene panel lists from the Genomics England PanelApp
(https://panelapp.genomicsengland.co.uk/), 5 genes are recom-
mended for the “Inherited breast cancer and ovarian cancer” panel
(ATM, BRCA1, BRCA2, CHEK2 and PALB2), the “Pertinent cancer
susceptibility” panel also suggests 5 genes only partially overlapping
with the first panel (BRCA1, BRCA2, PALB2, TP53 and PTEN) and
another panel “Familial breast cancer” contains a fairly comprehen-
sive list of 26 genes (https://panelapp.genomicsengland.co.uk/
panels/158/). Others have demonstrated that the application of an
expanded gene panel for hereditary cancer testing significantly
increased the diagnostic yield compared to guideline-based targeted
testing [25, 27].
Since there is no consensus on a single gene panel for HBOC

and the German reimbursement system obligatorily requires the
analysis of only the two main BC genes BRCA1 and BRCA2, we
agreed on a 14-gene core panel for the HBOC diagnostic report
(containing the 11 gene panel of the German consortium plus
PTEN, STK11 and NF1; Fig. 1) with the option, subject to patient

consent, to evaluate the other tumour-associated genes of the
123–gene “Hereditary Cancer Syndromes—Comprehensive
Panel”.
We are aware that the genes PTEN (MIM# 158350, Cowden

syndrome), STK11 (MIM# 175200, Peutz-Jeghers syndrome) and
NF1 (MIM# #162200, Neurofibromatosis type 1) are associated with
syndromes that are not primarily characterised by breast and
ovarian cancer. As BC and/or OC are an important part of the
clinical spectrum of these syndromes, we have decided to
integrate both genes into the 14-gene HBOC core panel.
Analysing only the 5 genes from the two different PanelApp BC

Panels (n= 800 and 1184 cases) would miss a diagnosis in 11.1%
(n= 148) or 39.9% (n= 532) of cases in comparison to our 14-
gene core panel (n= 1332 cases, Supplementary Table S1). Even if
the latest 11 gene panel of the German HBOC consortium
(n= 1302 cases) were taken as a basis, a diagnosis would be
missed in 2.5% (n= 30 cases, Supplementary Table S1). In the
present study 10.8% of patients had a pathogenic variant (ACMG/
AMP class 4/5) in one of the genes of our HBOC core panel (19.2%
overall diagnostic yield, Supplementary Table S1), which is in line
with the results published elsewhere [28] and demonstrates, that
our approach has a high diagnostic yield with a comparatively
small panel size.
Our results are consistent with previous observations that a

significant proportion of patients with hereditary cancer predis-
position were not detected by the guideline-based gene panels
used at the time of diagnosis [25, 27–30] and also suggest that
expanded diagnostics compared to current multi-gene panels
may identify additional patients at high risk for developing other
cancers. These findings would allow opportunities for surveillance
and, in a small subset of cases, risk reducing measures for patients
and their family members who would not have been detected
with the guidelines-based gene panels currently in use.
As shown in Fig. 1B, most pathogenic variants outside the 14-

core gene panel were found in the genes NBN and MUTYH,
respectively. However, since both genes are associated with
recessive tumour predisposition syndromes, the frequency of
pathogenic variants in the unselected population may be high,
especially for common (founder) mutations in these genes.
Indeed, the three most common pathogenic variants in NBN
(NM_002485.5:c.657_661del p.(Lys219fs) n= 9) and MUTYH

Fig. 2 Results of periodic re-evaluated variants of uncertain significance. A Displayed are the first 106 re-evaluated VUS associated with
different TRS. Grey bars represent VUS, which stayed uncertain, white bars show VUS re-classified as (likely) benign and black bars show VUS
re-classified as (likely) pathogenic. The classification is based on the ACMG/AMP guidelines. B A pie chart showing the re-evaluated VUS
grouped in the different fractions. The grey fraction represent the 51% (n= 54) VUS remaining uncertain, the white fraction shows the 40%
(n= 42) VUS re-classified as (likely) benign and the black fraction represent the 9% (n= 10) VUS re-classified as (likely) pathogenic.
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(NM_001048174.2:c.452A > G p.(Tyr151Cys) n= 2, NM_0010
48174.2:c.1103G > A p.(Gly368Asp) n= 6) were responsible for
9/14 and 8/11 of pathogenic findings (Fig. 1B and Supplementary
Table S2). For monoallelic carriers of pathogenic variants in NBN
and MUTYH, however, there is no increase in risk in the sense of
penetrant tumour disease and thus no clinical actionability. For
many of the other genes on the secondary findings list (Fig. 1B),
knowledge about a predisposition for a TRS is extremely
important, as targeted surveillance examinations can be initiated
in the index patient and, if necessary, family members with an
increased risk can be identified and included in surveillance
programmes. In some of the secondarily identified TRS, BC can be
part of the clinical spectrum and at least for the Lynch-syndrome
cases would have therapeutic consequences.
For this reason, we suggest not to use rigid gene panels, which

by definition are not complete and at the same time often not
specific enough, but to start with a core BC-OC panel (ideally
containing all HBOC associated genes [16, 17]) and taking into
account the individual cancer history and family history and in case
of a negative result to extend the analysis to other cancer-
associated genes. The initial introduction of core panels for HBOC
diagnostics in Germany is based on the recommendations of the
German Breast Cancer Consortium in order to meet the require-
ments of the German reimbursement system (only the genes
BRCA1 and BRCA2 are obligatory; other HBOC associated genes can
be optionally reported). Nevertheless, we appreciate the issues
which accompany the universal application of expanded gene
panels, namely the uncertain clinical utility of identifying ACMG/
AMP class 4/5 variants in genes outside the recommended ones
based on established guidelines and the potential burden of
variants of uncertain significance (VUS) [12, 31]. This burden or fear
is used by some as an argument to use only small guideline-based
gene panels for diagnostic tests [32]. Yet, we and others believe
that a possible psychological burden may well exist in some
individuals who have an “incidental” or “additional” finding
reported [33, 34]. However, we would like to state that it is more
meaningful to treat this anxiety professionally in these affected
individuals rather than denying all patients the irrefutable benefit
of additional findings of actionable pathogenic variants. In the first
place, according to the German Genetic Diagnostics law and
national recommendations, secondary/incidental findings are only
reported if the patient has received genetic counselling prior to the
test and has explicitly given his or her consent; this consent can be
revoked up to the time of reporting the findings. In general, there
is a wide range of psychological counselling available in Germany
and we even have our own in-house psycho-oncological counsel-
ling centre for our patients.
As others have demonstrated [20–24], regular reassessment of

VUS can dramatically improve the clinical validity of genetic
reports, e.g. half of all VUS can be reclassified as (likely) benign and
about 10% as (likely) pathogenic (Fig. 2) [13, 14]. These results are
based on a re-evaluation using new data (population data,
functional data, segregation data, etc.) with the help of the
current SVI recommendations on the use of the ACMG/AMP
classification guidelines. Especially for the hereditary tumour
syndromes (HBOC and CRC), special adaptations of the original
ACMG/AMP codes are currently being created by so-called Variant
Curation Expert Panels (VCEP’s). We therefore expect a signifi-
cantly improved data situation in the next few years, as these
VCEPs will reclassify many discordant variants and VUS in the
ClinVar database on the basis of these new codes and provide
guidance for how to improve variant classification (e.g. by defining
thresholds for when a variant is too frequent for a disease, what
frequency can be used to filter for “rare enough” variants, which
regions could be regarded as mutational hot-spots and what
functional studies should be used, etc.). A controlled, regular re-
evaluation of VUS in diagnostic laboratories is therefore impera-
tive, as valuable clinical information can be collected that can

relieve patients and their family members as well as improve care
for carriers of pathogenic variants.
In this context, it is important to note that the main reason for

discordant variant classifications in ClinVar or LOVD is the lack of
data sharing from diagnostic laboratories [35, 36]. Data sharing is
the pivotal prerequisite for further improving UV classification in a
timely manner and would therefore be of great benefit for many
patients and their families.
To conclude, we suggest to use the outlined strategy to start

with a core panel followed by a comprehensive panel as this
strategy can identify additional TRS in patients referred to HBOC
testing, which would not have been detected by current rigid
guideline-based testing. Knowledge about a predisposition for a
TRS is extremely important, as targeted surveillance examinations
can be initiated in the index patient and, if necessary, family
members with an increased risk can be identified and included in
surveillance programmes.

DATA AVAILABILITY
The datasets generated and/or analysed during the current study are available from
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