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Abstract Multi-gene panels are used to identify genetic
causes of hereditary breast and ovarian cancer (HBOC) in
large patient cohorts. This study compares the diagnostic
workflow in two centers and gives valuable insights into
different next-generation sequencing (NGS) strategies.
Moreover, we present data from 620 patients sequenced at
both centers. Both sequencing centers are part of the
German consortium for hereditary breast and ovarian
cancer (GC-HBOC). All 620 patients included in this study
were selected following standard BRCAI/2 testing guide-
lines. A set of 10 sequenced genes was analyzed per pa-
tient. Twelve samples were exchanged and sequenced at
both centers. NGS results were highly concordant in 12
exchanged samples (205/206 variants = 99.51 %). One
non-pathogenic variant was missed at center B due to a
sequencing gap (no technical coverage). The custom en-
richment at center B was optimized during this study; for
example, the average number of missing bases was reduced
by a factor of four (vers. 1: 1939.41, vers. 4: 506.01 bp).
There were no sequencing gaps at center A, but four CCDS
exons were not included in the enrichment. Pathogenic
mutations were found in 12.10 % (75/620) of all patients:
4.84 % (30/620) in BRCAI, 4.35 % in BRCA2 (27/620),
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0.97 % in CHEK? (6/620), 0.65 % in ATM (4/620), 0.48 %
in CDHI (3/620), 0.32 % in PALB2 (2/620), 0.32 % in
NBN (2/620), and 0.16 % in TP53 (1/620). NGS diagnos-
tics for HBOC-related genes is robust, cost effective, and
the method of choice for genetic testing in large cohorts.
Adding 8 genes to standard BRCAI- and BRCA2-testing
increased the mutation detection rate by one-third.

Keywords Next-generation sequencing - Amplicon -
Capture - Benchmark test - Cancer susceptibility

Introduction

Breast cancer is the most common cancer in women and
over 10 % of all women will develop breast cancer during
their life [1]. Twelve percent of women with breast cancer
have at least one affected relative [2]. In these families,
BRCAI and BRCA2 were identified as high-risk genes for
hereditary breast and ovarian cancer (HBOC) [3, 4]. The
average lifetime risk for breast cancer in mutation carriers
ranges from 50 to 80 % for BRCAI and from 40 to 70 %
for BRCA2 [5-8], respectively. The inheritance is autoso-
mal dominant and the diagnosis of HBOC is not only
relevant for the patient but also for other family members.
The discovery of BRCAI and BRCA2 led to the imple-
mentation of genetic testing in high-risk families and
establishment of testing guidelines (www.nccn.org, www.
awmf.org). Increased surveillance with specific screening
protocols or prophylactic procedures is offered to mutation
carriers. Today, more than 3500 genetic variants in
BRCA1/2 are known (research.nhgri.nih.gov/bic). Howev-
er, germline mutations in BRCAI or BRCA2 account for
only 20—40 % of high-risk families and over 60 % of the
hereditary predisposition remains unexplained [9-12].
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In search of additional causes for HBOC, several genes
were identified during the last decade and classified as
high-risk, intermediate-risk, or low-risk genes. Amongst
the most important genes, in addition to BRCAI and
BRCA2, are CDHI, NBN, NF1, TP53, PTEN, STK11, ATM,
BRIPI, CHEK2, PALB2, RAD50, RAD51C, and RAD51D
[13—-15]. Although the number of causative genes in-
creased, the current gold standard in HBOC diagnostics is
still Sanger sequencing of BRCAI and BRCA2.

Next-generation sequencing (NGS) has evolved as a
diagnostic tool that allows targeted sequencing of hundreds
of genes and patients in parallel [16, 17]. With this ap-
proach, several clinical actionable genes can be targeted
simultaneously. An increasing number of studies are pub-
lished using NGS to screen large cohorts of patients [18].
These data also illustrate the variety of different study
settings and sequencing set-ups. Here we compare results
from two centers of the German consortium for hereditary
breast and ovarian cancer (GC-HBOC) that offer diagnostic
multi-gene testing for patients at risk. Both centers use
different enrichment strategies and bioinformatic analysis.
In addition, we present the mutational spectrum in 620
German HBOC patients that were sequenced at both
centers.

Materials and methods
Patients

Informed consent was obtained from 620 patients with a
high-risk family profile indicative for HBOC (for criteria
s. Table 1). The GC-HBOC proposed a panel of 10 high-
and intermediate-risk genes for analysis under research
conditions to establish lifetime cancer risks and recom-
mendations for future screening programs. These genes
were selected and analyzed in all patients included in this
study (BRCAI, BRCA2, RADS5IC, RAD5ID, PALB2,
NBN, ATM, CDHI, TP53, CHEK?2). Samples of 12 pa-
tients were blinded, exchanged, and sequenced at both
centers.

Enrichment and sequencing

Center A implemented a commercial enrichment kit based
on random enzymatic fragmentation, hybridization, and
amplification (TruSight Cancer, [llumina, San Diego CA).
This panel targets the coding exons of 94 genes and an
additional set of 284 SNPs relevant in hereditary cancer
syndromes. All samples were processed according to the
manufacturer’s protocols. Center B used different versions
of a custom enrichment based on fragmentation at defined
restriction sites, hybridization, and amplification of the
resulting fragments (HaloPlex, Agilent, Santa Clara CA).
The selected genomic target region was designed using
SureDesign (https://earray.chem.agilent.com/suredesign).
All coding exons and adjacent intronic sequences + 10
base pairs of 56-68 genes were included. The optimized
design is available upon request. Both centers used a
MiSeq (Illumina, San Diego) in paired-end mode to se-
quence the samples.

Bioinformatic analysis

The analysis was focused on all CCDS exons =+ 2 base pairs:
BRCAI—CCDS11453.1, CCDS11454.2, CCDS11455.2,
CCDS11456.2,CCDS11459.2; BRCA2—CCDS9344.1; RAD
51C—CCDS11611.1; RAD51D—CCDS11287.1, CCDS112
88.1, CCDS45646.1; PALB2—CCDS32406.1; NBN—CCDS
6249.1; ATM—CCDS31669.1; CDHI—CCDS10869.1; TP5
3—CCDS11118.1, CCDS45605.1, CCDS45606.1; CHEK
2—CCDS13843.1, CCDS13844.1, CCDS33629.1, CCDS58
798.1. The complete target region included 40 123 base pairs.
Target regions that were not covered by a minimum depth of
20 reads were flagged as “low coverage nucleotides” and
excluded from further analysis. Center A used a commercial
software with standard parameters for mapping and variant
calling (CLC Genomic Workbench, CLCbio, Denmark). The
bioinformatics pipeline at center B included open-source tools
for data analysis: stampy (vers. 1.0.23) combined with BWA
(vers. 0.7.10) for mapping against hgl19 [20, 21], samtools
(vers. 1.1) for SAM/BAM-file handling, and variant calling
[22]. All variants were left-aligned using GATK (vers. 3.2.2)

Table 1 Criteria for genetic
testing (according to Wockel
and Kreienberg [19])

Minimum of 3 women with breast cancer

Minimum of 2 women with breast cancer, one below 51 years of age

Minimum of 1 woman with breast cancer and one woman with ovarian cancer

Minimum of 2 women with ovarian cancer

Minimum of 1 women with breast and ovarian cancer

Minimum of 1 woman with breast cancer below 35 years of age

Minimum of 1 woman with bilateral breast cancer with onset below 51 years of age

Minimum of 1 male with breast cancer and one woman with breast or ovarian cancer
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[23], and own scripts were used for adapter trimming, quality
control, and annotation of in-house variant frequencies. An-
novar (vers. 21.06.2013) was used for annotation of variants
[24]. This pipeline was designed to detect variants with a
minimum allele frequency of 15 %. Both centers used IGV to
optically validate sequencing results [25]. The Fisher’s exact
test was used for comparison of mutation rates in different
genes (R v. 3.0.2). The R-package mada (v 0.5.4) was used
without continuity correction for calculation of diagnostic
sensitivity, specificity, and respective confidence intervals.
Circos was used to visualize genetic data [26].

Interpretation of variants

Variants were categorized in a 5-class system (modified from
Plon et al. [27]): pathogenic = variants with sufficient evi-
dence for pathogenicity (e.g., variants resulting in premature
truncation, functionally validated splicing mutations, gross
genomic deletions); likely pathogenic = variants with
strong evidence in favor of pathogenicity [e.g., variants at the
canonical donor/acceptor sites (£ 1 and 2), highly conserved
rare variant (<1 %) within a known functional domain, ex-
pert review obligatory]; unknown significance = variants
with insufficient or conflicting evidence regarding patho-
genicity; all other variants were classified as benign (variants
with very strong evidence against pathogenicity, e.g., mu-
tation frequency in general population or subpopulation is
too high) or likely benign (variants with strong evidence
against pathogenicity, e.g., non-segregation with disease,
silent variant with no predicted impact on splicing) were
excluded from analysis. All pathogenic mutations were
validated by Sanger sequencing.

Results

The aim of this study was the evaluation and comparison of
NGS diagnostics at two sequencing centers. Both centers
use different enrichment technologies and bioinformatic
analysis strategies. Twelve samples were exchanged and
analyzed at both centers in parallel. The overall turn-
around time was 14 days per sample (sequencing: 8 days,
bioinformatics: 3 days, medical report 2 days). Generally,
test results should be available within 2-3 months. On
average 17 variants were found per sample (min. 9, max.
24). With the support of an in-house database that collects
variants and quality control values (which excluded fre-
quent technical artifacts and variants with population fre-
quencies >1 %), 0—1 variants per sample required further
manual inspection and classification.

Custom enrichment—optimization

Center B used a custom enrichment that included the
CCDS coding sequence and splice sites of all 10 genes to
sequence 349 patients. It was optimized throughout this
study to close sequencing gaps and increase the perfor-
mance. The optimization included rearrangement and ad-
dition of hybridization probes (by multiplication of the
same target region), increase of read lengths, and increase
of sequencing output per sample. 22 samples were se-
quenced per MiSeq run and an average of 1.58 x10° reads
per sample (min. 0.47 x 10° reads, max. 6.21 x 10° reads)
was generated. The average amount of missing bases, i.e.,
bases covered by less than 20x, was reduced by a factor of
four over time (s. Fig. 1): version 1—1939.41 bp (min.
623. bp, max. 4016 bp), version 2—817.37 bp (min.
328 bp, max. 2108 bp), version 3—605.85 bp (min.
300 bp, max. 2439 bp), and version 4—506.01 bp (min.
109 bp, max. 2026 bp). Although the number of bases with
insufficient coverage could be reduced, not all sequencing
gaps were completely closed within the target region. In
addition, the variation of missing bases within the same
enrichment version indicates that other confounders, e.g.,
sample quality, are also important for the number and size
of missing regions.

Comparison of both centers—positive controls

Twelve samples were exchanged and sequenced at both
centers. A total of 206 occurrences of 49 variants were found
within all 10 genes. The overlap between both centers was
99.5 % (205/206 variants). All pathogenic mutations within
the exchanged 12 samples were identified by both centers.
Sequencing characteristics are illustrated in Fig. 2. A single
variant in CHEK?2 was not detected by center B because of
insufficient read coverage (s. suppl. Fig. 1). In a diagnostic
setting, this gap would have been closed by Sanger se-
quencing. Supplemental Fig. 1 also illustrates the differ-
ences between both enrichments: The enrichment strategy
used at center B resulted in an amplicon-like dataset (frag-
ments with the same chromosomal starting and end points),
whereas center A generated reads that are randomly dis-
tributed over the target regions. Most common open-source
tools require datasets with reads that have a random distri-
bution over the target region by default. For this reason, the
analysis of data at center B required modifications to stan-
dard software parameters (e.g., no strand bias filter, no ran-
dom distribution of insert size; a complete list of all
commands can be provided upon request). In summary, the
sensitivity for center A was 100 % (CI 98.2-100.0 %) and
99.5 % (CI 97.3-99.9 %) for center B. The analytical
specificity was estimated by the evaluation of 167 exons
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Fig. 1 Custom enrichment—optimization The number of missing
bases within the 10 genes could be gradually reduced over different
versions of the custom enrichment used at center B. Although the
number of missing bases could be reduced by a factor of four, an
average of 506.01 base pairs was not covered sufficiently in version 4.
Legend a illustrates the performance of two different versions of the
custom enrichment. The outer ring of the circos plot (brown)

known to be homozygous wild type or carry polymorphisms
and it was found to be 100 % (CI 97.8—-100 %) for center A
and B. Finally, the number of missing base pairs, i.e., base
pairs that are not covered by at least 20 reads, is important
since missing base pairs would have to be sequenced by a
second independent method in a diagnostic setting. To
compare the results from both centers, we used the complete
CCDS regions of all 10 genes. A mean of 316.67 bp (min.
253 bp, max. 415 bp) was missing at center A. Most missing
bases were not covered by the enrichment design: one exon
in RADS5ID, one exon in BRCAI, and two exons in TP53.
These exons were identified to contain repetitive elements
that are difficult to target by this type of enrichment. There
were no additional gaps in the remaining genes. A mean of
653.83 bp (min. 208 bp, max. 1793 bp) was not covered
sufficiently at center B. Missing bases were found in 12 ex-
ons of BRCAI, BRCA2, CHEK2, RAD51C, and ATM. Fi-
nally, custom enrichments provide flexibility in optimization
of sequencing performance and selection of target regions.
The total size of target regions has direct influence on se-
quencing costs. Center A generally sequences 12 samples per
MiSeq run and center B 22.
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represents all 10 genes that were sequenced per patient. The inner
ring shows all variants that were found as a scatter plot. The middle
ring illustrates coverage data for all CCDS exons + 2 base pairs and
parts of an exon can be colored either green (covered well in >40 %
of all samples) or red (all other regions).b gives a tabular overview of
basic sequencing characteristics

Mutational landscape—620 patients

63 different mutations that were classified as likely
pathogenic or pathogenic with 75 occurrences in differ-
ent patients were found in all 10 genes analyzed in this
study (s. Fig. 3 and supplement). 57 patients carried a
pathogenic mutation in BRCAI and BRCA2 (9.19 %,
57/620). Overall, we were able to identify a genetic
cause for breast cancer in 12.10 % (75/620) of all
families (s. Fig. 3). Mutations in BRCAI were most
frequent (30 pts), followed by BRCA2 (27 pts), CHEK?2
(6 pts), ATM (4 pts), CDHI (3 pts), NBN (2 pts), PALB2
(2 pts), and TP53 (1 pt). No mutations were found in
RADS5IC and RADS5ID. Standard sequencing of BRCAI
or BRCA2 would have identified HBOC causing muta-
tions in 9.19 %, whereas NGS and the addition of 8
genes increased the mutation detection rate by 2.91 %
and consequently answered the causal event for an ad-
ditional one-third of HBOC patients. A list of pathogenic
mutations can be found in the supplement of this article.
No significant differences in mutation detection rates
were found between both centers.
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Fig. 2 Comparison of both centers—positive controls A total of 12 12 samples, no pathogenic variant was missed at both centers.

samples were sequenced and analyzed at both centers. Legend a gives
an overview of the results. The overlap of both centers was 206/207
variants. One variant in CHEK?2 was missed at center B since it was
located within a sequencing gap. CCDS exons were used for data
comparison, and an average of 316.67 base pairs was not covered
sufficiently by center A, 653.83 base pairs by center B. Missing bases
at center A were not part of the enrichment’s target region. Therefore,
all targeted regions were covered by at least 20x (asterisk). Within all

Discussion

NGS has become the most important technology for DNA
analysis with comparable outcome in sensitivity and
specificity to Sanger sequencing [28]. Several studies have
confirmed the suitability of NGS in HBOC diagnostics and
have recently been reviewed by Kurian et al. [18]. Yet, a
large variety of different methods for enrichment, se-
quencing, and bioinformatics analysis are in use. For ex-
ample, Cybulski et al. [29] used exome sequencing that
offers the highest flexibility in target selection but still
seems to be too expensive and not sensitive enough for
routine diagnostics. In contrast, other studies focused on
solely sequencing of BRCAI and BRCA2, probably missing
a relevant fraction of pathogenic mutations in other HBOC
genes including TP53 and PTEN [30, 31]. All 10 genes that
were included in this study are known to be high- or in-
termediate-risk genes for HBOC [15, 32, 33]. Most current
studies use multi-gene panels of different compositions that
predominantly include genes of the DNA repair pathways
[34-37]. These panels represent a compromise between
costs, sensitivity, and flexibility. Custom enrichments offer
the opportunity for manual optimization and flexible

a illustrates the sequencing results from both centers. The outer ring
of the circos plot (brown) represents all 10 genes that were sequenced
per patient. The inner ring shows all variants that were found as a
scatter plot. The middle ring illustrates coverage data for all CCDS
exons £ 2 basepairs. Parts of each exon can be colored either green
(covered well in >40 % of all samples) or red (all other regions). Part
B gives an overview of basic sequencing characteristics

adaption of target regions. The recommended setup for a
medium-sized diagnostic laboratory (400 samples/year)
should include one to two technicians, one bioinformati-
cian, one biologist, and two (desktop) sequencers.

Comparison of two sequencing centers

This study compares data from two GC-HBOC centers that
offer NGS for HBOC diagnostics. The results confirmed
the high reproducibility of NGS: 99.5 % of all variants
(205/206) were found by both centers within 12 exchanged
samples. Center B missed one (non-pathogenic) variant in
CHEK? located in a low-covered region. These low-cov-
ered regions are relevant in a diagnostic setting and have to
be filled by a second independent method. We defined
sequencing gaps as target regions covered by less than 20
reads per base. This is concordant to the literature, where
the required sequencing depth ranges from 20 to 50 reads
[35, 37]. With the recent version of the custom enrichment,
a mean of 653.83 nucleotides (1.63 %) was covered by less
than 20 reads. Recurrent low-coverage regions were found
in 5 genes and included 12 different exons. Arvai et al. [38]
used the same enrichment in combination with a different
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A

10 core genes

mutation frequency
patients center A

mutation frequency
patients center B

mutation frequency

combined

detected mutations
Castéra et al. (2014)

BRCA1 3.32 % (9/271) 6.02 % (21/349)
BRCA2 5.17 % (14/271) 3.72 % (13/349)
CHEK2 0.37 % (1/271) 1.43 % (5/349)
ATM 0.37 % (1/271) 0.86 % (3/349)
CDH1 0.74 % (2/271) 0.29 % (1/349)
NBN 0.37 % (1/271) 0.29 % (1/349)
PALB2 0.74 % (2/271) 0.00 % (0/349)
TP53 0.27 % (1/271) 0.00 % (0/349)
RAD51C 0.00 %(0/271) 0.00 % (0/349)
RAD51D 0.00 % (0/271) 0.00 % (0/349)

4.84 % (30/620)
4.35% (27/620)
0.97 % (6/620)
0.65 % (4/620)
0.48 % (3/620)
0.32 % (2/620)
0.32 % (2/620)
0.16 % (1/620)
0.00 % (0/620)
0.00 % (0/620)

4.80 % (34/708)
5.65 % (40/708)
2.12 % (15/708)
2.12 % (15/708)
0.14 % (1/708)
1.13 % (8/708)
1.41 % (10/708)
1.50 % (7/468)
0.42 % (3/708)
0.00 % (0/379)

Fig. 3 Frequency of mutations within all core genes. a shows the frequency of mutations identified in our set of 620 patients and compares the
results to data published by Castera et al. [39] (mutations and potential mutations). The pie chart in (b) illustrates the distribution of mutations

sequencing device and reported 3.55 % of their target re-
gion that was covered by less than 20 reads. The target
region at center A was sequenced without any sequencing
gaps. Yet, four CCDS exons in three different genes
(BRCAI, RAD51D, TP53) were missing in the design as
they contained repetitive elements and were therefore not
targetable with this type of enrichment. For this reason, a
mean of 316.67 nucleotides per sample within the four
exons was not covered sufficiently (0.79 %). The enrich-
ment system used at center A seemed to be more robust as
the number of missing bases was very stable over all pa-
tients: Standard deviation at center A was 45.67 bp, at
center B 444.42 bp. The distribution of low-coverage re-
gions is important, since cost and expenditure of time in-
crease with the number of exons that have to be reanalyzed
with a second independent method (e.g., Sanger sequenc-
ing). Some reports confirm that low-coverage regions
within the target regions may occur, although additional
experiments are not always required [30, 35, 38]. These

@ Springer

differences may be attributable to the definition of the
target region and experimental setup. For this study, we
used CCDS as reference sequence for comparative
analysis.

Mutational landscape

Pathogenic BRCAI and BRCA2 mutations were found in
9.19 % of our patients. The data presented in this study are
comparable to a previous report that included patients from
high-risk families (s. Fig. 3) [39]. This study reported a
BRCA1/2 mutation detection rate of 10.8 % [39]. The ad-
dition of 8 other genes to standard BRCAI/2 diagnostics
added 2.91 % of solved cases. This corresponds to a muta-
tion detection rate of 3.20 % in BRCA1/2-negative patients
(18/563). Previous reports found pathogenic mutations in
BRCA1/2-negative patients in 6.45-11.40 % [34, 36, 39]. In
this study, no mutations were found in RADS5IC and
RAD51D what may be due to patient selection criteria or
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cohort size. The data presented in this study are comparable
to a previous report that included patients from high-risk
families (s. Fig. 3) [39]. Patients with pathogenic or likely
pathogenic mutations are offered increased surveillance or
preventive surgery. With an increasing number of genes,
variants are found that cannot be further classified today.
The percentage of variants of unknown significance (VUS)
was 33.33 % at center A and 27.59 % at center B. The re-
ported fractions of VUSs are difficult to compare between
different studies and depend on the target regions. Several
groups reported overall VUS rates of 19-88 % [34, 36, 40].
With the application of NGS in standard diagnostics, the
fraction of VUSs will decrease in the near future.

Conclusion

NGS has advantages over conventional Sanger sequencing
when it comes to costs, throughput and turn-around time
allowing improved diagnostics by analyzing a higher
number of susceptibility genes and thus increasing the di-
agnostic yield. The selection and optimization of enrich-
ment methods are mandatory as low-coverage regions need
to be filled in by a second method to complete the analysis
in a diagnostic setting. In this study, multi-gene panels
helped to identify pathogenic mutations in additional
291 % of families. Surveillance protocols for mutation
carriers within the ten genes sequenced in this study will be
needed in the near future. Despite the recent efforts, the
underlying hereditary cause in more than 80 % of all
families admitted to genetic testing is still not identified.
We will have to identify additional genes that contribute to
HBOC while moving to a polygenic HBOC model. NGS is
currently the only method that is able to cover large multi-
gene panels in a high-throughput setting.
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