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Tumor sequencing is useful to refine the
analysis of germline variants in unexplained
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Abstract

Background: Multigene panels are routinely used to assess for predisposing germline mutations in families at high
breast cancer risk. The number of variants of unknown significance thereby identified increases with the number of
sequenced genes. We aimed to determine whether tumor sequencing can help refine the analysis of germline
variants based on second somatic genetic events in the same gene.

Methods: Whole-exome sequencing (WES) was performed on whole blood DNA from 70 unrelated breast cancer
patients referred for genetic testing and without a BRCA1, BRCA2, TP53, or CHEK2 mutation. Rare variants were
retained in a list of 735 genes. WES was performed on matched tumor DNA to identify somatic second hits (copy
number alterations (CNAs) or mutations) in the same genes. Distinct methods (among which
immunohistochemistry, mutational signatures, homologous recombination deficiency, and tumor mutation burden
analyses) were used to further study the role of the variants in tumor development, as appropriate.

Results: Sixty-eight patients (97%) carried at least one germline variant (4.7 ± 2.0 variants per patient). Of the 329
variants, 55 (17%) presented a second hit in paired tumor tissue. Of these, 53 were CNAs, resulting in tumor
enrichment (28 variants) or depletion (25 variants) of the germline variant. Eleven patients received variant
disclosure, with clinical measures for five of them. Seven variants in breast cancer-predisposing genes were
considered not implicated in oncogenesis. One patient presented significant tumor enrichment of a germline
variant in the oncogene ERBB2, in vitro expression of which caused downstream signaling pathway activation.
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Conclusion: Tumor sequencing is a powerful approach to refine variant interpretation in cancer-predisposing
genes in high-risk breast cancer patients. In this series, the strategy provided clinically relevant information for 11
out of 70 patients (16%), adapted to the considered gene and the familial clinical phenotype.

Keywords: Breast cancer, Predisposition, Germline, Second hit, Variant of unknown significance, Mutational
signatures

Introduction
Hereditary forms of cancer have been described for de-
cades. Evidence-based guidelines for screening are now
applied for suspected hereditary breast and ovarian can-
cer (HBOC) syndrome, Lynch syndrome, and other con-
ditions [1, 2]. Screening multiple genes simultaneously
by massively parallel sequencing is cost-effective and has
replaced single-gene sequencing in hereditary breast
cancer (HBC). It can reveal mutations in clinically vali-
dated genes in up to 5% of cases without BRCA1 or
BRCA2 mutations [3]. Its use will probably expand, as
recent publications question the validity of established
screening criteria given the high number of germline
mutations identified in cancer types unrelated to the ini-
tial syndrome or in patients lacking family history [4, 5].
However, multigene panel testing has a major drawback:
the likelihood of identifying a variant of unknown sig-
nificance (VUS) far exceeds that of discovering a patho-
genic mutation, especially as the number of genes tested
increases [6]. Indeed, several converging arguments are
required to define pathogenicity of a variant [7, 8].
Taking VUS into consideration is a daily clinical chal-

lenge. It has a major impact on the preventive screening
or treatment strategy; therefore, misinterpretation of a
VUS can be physically or psychologically harmful [9].
Functional testing helps reclassify VUS and is trending
in translational studies [10], but feasibility on a clinical
scale is sparse and not yet implemented [11]. Large
international consortia like ENIGMA aim to reclassify
variants by gathering genotypic and phenotypic data
from various sources, recognizing that the rarity of the
variants is the main issue [12].
Current variant classification guidelines do not include

analysis of matched tumor samples. Yet, the two-hit the-
ory for inherited cancer predisposition conferred by het-
erozygous, germline mutations in tumor suppressor
genes postulates that the normal allele is locally lost or
outcompeted by the mutant allele, due to a second, som-
atic variation in the same gene. These may be copy
number alterations (CNAs), pathogenic point mutations,
small insertions/deletions (INDELs), or epigenetic modi-
fications that reduce the expression or function of the
normal allele, or increase that of the germline mutant
[13]. We therefore hypothesized that matched tumor se-
quencing could serve as an argument to study the

implication of germline variants in the development of
cancer in HBC patients, based on the presence of som-
atic events in the same gene.

Methods
Patients and germline DNA samples
Patients were eligible for inclusion if they had a personal
history of breast and/or ovarian cancer, met the criteria
for clinical genetic counseling and testing based on the
guidelines of the Belgian Society of Human Genetics and
were negative for BRCA1, BRCA2, TP53, and CHEK2
pathogenic mutations. Matching tumor material had to
be available. All patients signed an informed consent ap-
proved by the Ethics Committee of the hospital. Demo-
graphic, familial, and clinical data were recorded to
calculate the breast cancer (BC) lifetime residual risk
and BRCA mutation carrier pre-test probability for each
patient using the BOADICEA algorithm [14]. Ten milli-
liters of blood was drawn from each patient for DNA ex-
traction using the Wizard genomic DNA purification kit
(Promega).

Germline whole-exome sequencing (WES)
Briefly, 1 μg of genomic DNA was processed. Genomic
DNA was captured using Agilent in-solution enrichment
methodology with their biotinylated oligonucleotide
probes library (SureSelect V6 Exome, Agilent Technolo-
gies), followed by paired-end 150 bases massively parallel
sequencing on Illumina HiSeq4000 to at least 60× aver-
age coverage. Sequence capture, enrichment, and elution
were performed according to the manufacturer’s instruc-
tions and protocols. Image analysis and base calling were
performed using Illumina Real-Time Analysis (2.7.7)
with default parameters.

Matched tumor WES
Five consecutive 10-μm sections were obtained from the
most tumor-representative formalin-fixed and paraffin-
embedded (FFPE) sample. A matched hematoxylin and
eosin-stained section was used to macrodissect the
tumor area. DNA was extracted using the QIAamp
DNA FFPE Tissue Kit (Qiagen) and quantified using the
Qubit dsDNA high-sensitivity Assay kit (Thermo Fisher
Scientific). Tumor WES was performed by Integragen
(Ivry, France) with similar capture kit and sequencer as
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the germline WES. Specifically, a minimum amount of
50 ng of DNA was needed to create the libraries,
followed by paired-end 75 bases massively parallel se-
quencing to at least 120× average coverage.

Bioinformatics processing of WES data
Both germline and tumor reads were aligned to the refer-
ence human genome sequence GRCh37 using Burrows-
Wheeler Aligner 0.7.15 (Wellcome Trust Sanger Institute).
Duplicate reads were marked and removed using Picard
1.107 (Broad Institute). Local realignment around indels
and base quality score recalibration were performed using
the Genome Analysis Toolkit 3.3 (Broad Institute). Germ-
line single-nucleotide variants (SNV) and small indels were
identified using GATK Haplotype Caller 3.3 whereas som-
atic SNV and small indels were identified using the
Mutect2 algorithm based on GATK Haplotype Caller 3.7
(Broad Institute). Called variants were annotated, filtered,
and visualized using Highlander (http://sites.uclouvain.be/
highlander/), an in-house bioinformatics framework.

Classification and selection of germline variants identified
by WES
We used a list of 735 candidate genes, including 565
genes selected for germline mutation analysis in a previ-
ous landmark study of cancer predisposition [15], sup-
plemented with genes implicated in DNA repair or
related to BC by literature mining (Table S1). Variants
were retained if passing quality criteria (Phred score for
quality of mapping > 30, no more than two different
haplotypes at the considered position, variant called out-
side the 3′ end of the supporting reads, absence of
strand bias) had an allele frequency in the ExAC data-
base of < 0.015, were considered pathogenic by at least
two prediction softwares (among SIFT, CADD, Fathmm,
LRT, DEOGEN2, Mutation Assessor, Mutation Taster,
and Polyphen2), or affected splicing (estimated by 2 en-
semble learning methods [16]).
Germline variants in well-established BC predisposing

genes (BRCA1, BRCA2, TP53, PALB2, ATM, CHEK2,
CDH1, PTEN, STK11) were manually classified according
to ACMG guidelines [17]. Variants classified as VUS,
pathogenic, or likely pathogenic were retained, as were the
variants with conflicting interpretation in ClinVar [18].
Germline variants in the remaining genes (thus without
known association with the phenotype) were retained if
meeting the aforementioned sequencing filtering criteria.

Assessment of tumor WES data for somatic second hits
We assessed each tumor for somatic variations (point
mutations; INDELs; CNAs, i.e., amplifications and dele-
tions; loss of heterozygosity (LOH); and copy-neutral
loss of heterozygosity (CN-LOH)) in the genes contain-
ing a germline variant. The presence (both positive as

negative) or absence of selection pressure of the germ-
line variant in the tumor sample was assessed by the dif-
ference in allele balance between tumor and normal
(DAB) analysis (chi-square test, p value threshold of 0.05
for significance) derived from the allelic depths in both
samples. DAB of the considered genomic region was fur-
ther considered by analysis of the behavior in the tumor
of each germline heterozygous SNV on the given
chromosome. The Benjamini-Hochberg procedure was
used to correct for multiple testing, and p values were
plotted as in Manhattan plots from genome-wide associ-
ation studies. True DAB was retained only if the region
surrounding the germline variant depicted significant p
values for DAB. CNAs were assessed by the FACETS algo-
rithm [19]. Regarding the locus of the germline variant,
loss of heterozygosity (LOH) was defined as the loss of the
normal allele in the tumor. Copy-neutral LOH (CN-LOH)
was defined as a diploid status with DAB in the tumor.
Homozygous deletion (HZ-DEL) was defined as the loss
of both alleles. Amplification was defined as a copy num-
ber status ≥ 6, similar to the threshold used when consid-
ering clinically meaningful ERBB2 amplification [20]. The
validity of the allele calls was cross-checked with the DAB
analysis. Somatic mutations in a gene carrying a consid-
ered germline variant were called using Mutect2, as de-
scribed above, and retained only if the germline variant
did not display negative pressure selection in the tumor.

Analysis of the patterns of somatic mutations
Global patterns of somatic variants were analyzed using
complete WES data. We analyzed mutational signatures
and quantified the contribution of the known COSMIC
signatures (http://cancer.sanger.ac.uk/cosmic/signatures)
to the observed somatic mutational processes using the R
package MutationalPatterns [21]. Homologous recombin-
ation deficiency (HRD) was determined in each tumor
sample. We processed the data derived from FACETS to
calculate three different HRD scores (telomeric DAB,
large-scale state transition, and genomic LOH) combined
to a global mean HRD score, using the R scripts kindly
made available by Nathanson and Pluta et al., described
elsewhere [22]. We used MutSigCV to identify signifi-
cantly mutated genes [23]. Tumor mutation burden
(TMB) was defined as the ratio of the number of somatic
variants detected (after the exclusion of germline variants)
and the size of the capture kit (60Mb).

Visualization of the genomic results
All analyses downstream of the variant calling were per-
formed in R (version 3.5.1, http://www.R-project.com).
Data visualization was obtained with in-house developed
scripts, with the Gviz and GenVisR packages [24, 25], or
with ProteinPaint [26].
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Evaluation of splicing alterations
RNAs were extracted from lymphocytes with TriPure
(Roche) and retro-transcribed using RevertAid H-Minus
First Strand cDNA Synthesis Kit (Fermentas), with ran-
dom hexamers. PCR amplification was done using spe-
cific primers, available upon request. Amplicons were
cloned into pCRII-TOPO Vector (Invitrogen). Plasmids
were purified with PureYieldTM Plasmid Miniprep Sys-
tem (Promega) and Sanger sequenced.

In vitro kinase assay of the germline ERBB2 variant
MSCV-human Erbb2-IRES-GFP was a gift from Martine
Roussel (Addgene plasmid # 91888; http://n2t.net/
addgene:91888; RRID:Addgene_91,888) [27] and served
as a template for mutagenesis (the considered variant
and the positive control V777L described in Bose et al.
[28]). Primers for the mutagenesis (available upon request)
were designed using QuikChange Primer Design (Agilent).
The entire coding sequence was verified using Sanger sequen-
cing before and after the insertion in a lentiviral vector.
HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. As the overexpression
of wild-type ERBB2 has an oncogenic effect which could pre-
vent us from seeing the effect of the mutations, we artificially
reduced the number of ERBB2 proteins expressed in each
cell, by transfecting a mix (5% ERBB2 plasmid and 95% of
empty lentiviral vector) of plasmids into the HEK293T cells
using jetPEI® (Polyplus, France) according to the manufac-
turer’s instructions. Protein lysates were homogenized using a
21-gauge needle and resolved on precast polyacrylamide gels
(Bio-Rad). Primary antibodies were purchased from Cell Sig-
naling Technologies: ERBB2, phospho-ERBB2(Y1248), EGFR,
phosphor-EGFR(Y1068), phospholipase C gamma (PLCγ),
phospho-PLCγ(Y783), and alpha-actinin and used at recom-
mended dilutions. Separate membranes were used for total
and phospho-antibodies. Visualization was performed with an
anti-rabbit secondary antibody (BioSource) at 1:10,000 dilu-
tion with a femto-sensitive ECL detection system (Pierce).

Immunohistochemistry
Immunohistochemistry was performed on 4-μm paraffin
sections. Heat-induced antigen retrieval was performed
in a PT-link pre-treatment module (DAKO, Agilent
Technologies). After endogenous peroxidase blocking,
sections were incubated overnight at 4 °C with a PMS1
rabbit polyclonal primary antibody (1:100 dilution,
10859-1-AP, Proteintech). After three washes with TBS-
Tween, sections were incubated with HRP-conjugated
anti-rabbit polymer (Envision, DAKO) for 30 min at
room temperature, and immunoreactivity was revealed
using 3′3′-diaminobenzidine.

Results
Population
We could collect germline and tumor DNA for 70 unre-
lated BC patients. Patient characteristics are summarized
in Table 1, depicting a population at high risk for HBC.
Only one patient was male.

Germline variants
We identified 329 rare variants in 139 genes across the
70 patients (mean ± SD, 4.7 ± 2.0; range, 0–12): 293
(89%) missense SNVs or in-frame INDELs, 12 (4%) non-
sense SNVs or frameshift INDELs, and 24 (7%) splice re-
gion variants (Table S2). Missense variants were
predicted pathogenic by 4.5 ± 1.8 algorithms (mean ±
SD). In two patients (including the sole male), no variant
satisfied our filtering criteria. There were 18 variants in
a well-established BC-predisposing gene. Of these, only
one was a known pathogenic variant (PALB2 NM_
024675 c.509_510delGA).

Difference in allele balance between tumor and normal
We detected a possible DAB of the variant (i.e., signifi-
cantly different ratio of variant to reference allele, in
tumor compared to blood) for 57 (17%) variants. This
was confirmed by chromosome-wide SNV allele ratio
analysis for 36 variants (11%), in 22 patients (31%) (Fig-
ure S1), including the PALB2 pathogenic mutation.

Analysis of somatic second hits in tumor WES
Genome-wide aneuploidy (cumulative size of amplifica-
tions, LOH, and deletions) in the tumors ranged from
0.1 to 56% (median 13.6%). Per tumor, aneuploidy cov-
ered 3–114 (median 32.5) of the 735 genes.
Somatic variation at the genomic coordinates of the

329 germline variants is depicted in Fig. 1 (lower panel).
Fifty-five germline-mutated genes (16% of the retained
variants) from 32 patients presented a somatic CNA or
second mutation in the matched tumor. Of the 55-s hits,
two were somatic second mutations: TSC2 NM_000548
c.774G>C in the tumor of CABR47, but presumably a
passenger mutation (8% allele frequency (AF)); TP53
NM_001126112 c.365_366delTG in the tumor of
CABR45, likely the driver mutation (20% AF). Of the 53
somatic CNAs, 28 would result in enrichment and 25 in
depletion of the germline variant in the tumor. Genome-
wide aneuploidy size did not differ between the samples
with or without a somatic second hit (Mann-Whitney U
test, p = 0.80).

Refining the analysis of germline variants on the basis of
global somatic mutation patterns
We next broadened our analysis to the global patterns of
somatic variation observed in tumor data and assessed
for whether these patterns could also be exploited to
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prioritize additional variants. CABR95, carrying the
germline pathogenic PALB2 mutation enriched in the tumor
by somatic LOH, had a high mean homologous recombin-
ation deficiency (HRD) score, in keeping with the expected
effects of loss-of-function of this gene (Figure S2A). CABR46
carried an interesting candidate germline variant in PMS2
(NM_000535 c.1937G>T): rare (minor allele frequency
(MAF) 0.012% in the European non-Finnish population, with
no homozygotes in the GnomAD database) and predicted
damaging by 6 algorithms. No somatic second hit in PMS2
was detected in the matched tumor sample. Nevertheless,
this tumor was hypermutated (5444 somatic variants, tu-
moral mutation burden (TMB) of 90 variants/Mb) (Fig. 1,
upper panel) and had the highest number of indels in the
series (Figure S3). C>T transitions predominated (44%), and
signatures 6 and 20 (related to mismatch repair deficiency)
accounted for 15% of the tumor mutational profile in this
sample mainly characterized by signatures 1 and 5 related to
aging and deamination, respectively (Fig. 2). Although no
second hit was found, these data orient towards the probable

existence of mismatch repair deficiency, supporting a causal
role for the PMS2 variant and the presence of a second hit of
a different type (e.g., an epigenetic event). The detection of
microsatellite instability through the exome data, using
MSIsensor [29], was also not definitely conclusive; no
sample reached a score of 10 considered in one study to
define microsatellite instability [30]. Nevertheless,
CABR46 had an outlier score as compared to the other
samples (1.3 vs 0.4, Figure S4), as did an in-house positive
control case of breast cancer with proven microsatellite
instability (3.2, Schröder et al., unpublished). The exhaus-
tion of tumor material unfortunately prevented us from
quantifying microsatellite instability using PCR amplifica-
tion of validated microsatellites loci. In contrast, CABR19,
who had bilateral BC before 38 years of age and carried an
even stronger germline candidate variant on PMS2
(c.883C>T; one occurrence in the European non-Finnish
population in GnomAD, predicted damaging by all algo-
rithms) had low TMB (1.4/Mb) and somatic indel count
[4], a very low MSIsensor score (0.01), and did not display

Table 1 Clinical characteristics of the study participants

70 patients

Age at diagnosis, mean ± SD (range) 46 ± 11 years (26–79)

Relatives with breast cancer, mean ± SD (range) 4.1 ± 1.5 (1–9)

Histology

- Ductal carcinoma 84%

- Medullary carcinoma or medullary-like 4%

- Other invasive carcinomas 8%

- Ductal in situ carcinoma 4%

Grade

- Grade 1 13%

- Grade 2 55%

- Grade 3 27%

- Missing 5%

Size, median (range) 17 mm (2–115)

Ki67, median (range) 20% (5–80)

Estrogen receptor + 75%

Molecular classification

- Luminal (A - B - ERBB2+) 52% (15% - 34% - 16%)

- ER− ERBB2+ 3%

- Triple-negative 13%

- ERBB2 status missing 19%

Positive lymph nodes 34%

2nd breast cancer (of which contralateral) 34% (81%)

Breast cancer lifetime residual risk, mean ± SD (range) 15 ± 7% (2–30)—26 NA

BRCA mutation carrier pre-test probability, median (range) 13% (1–91)

Breast cancer lifetime residual risk and BRCA mutation carrier pre-test probability as determined by BOADICEA [14]. Breast cancer lifetime residual risk cannot be
assessed for patients having already presented bilateral breast cancer and ovarian cancer or > 80 years old
SD standard deviation
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signatures 6 and 20. This supports the absence of a som-
atic second hit inactivating PMS2.
CABR51 had the third most highly mutated tumor

(395 somatic variants of which 47% were C>T transi-
tions, TMB of 6.6 variants/Mb) with the second-highest
number of indels (Figure S3). This could be related to
the germline variant on NTHL1 (NM_002528 c.527 T>C;
MAF 0.21% in GnomAD including only one homozy-
gote, and predicted damaging by all algorithms),
enriched in the tumor by CN-LOH. Signature 30 was
the main contributor to this somatic mutational profile,
a feature unique to this tumor sample. In contrast,
CABR90 also had a germline NTHL1 variant (c.298 T>C;
MAF 0.12% in GnomAD, predicted damaging by 7 algo-
rithms), but with a balanced amplification of the region

in the tumor. NTHL1 is expected to act as a tumor sup-
pressor gene, arguing against amplification as a bona fide
second hit. This was underscored by the low TMB (1
variant/Mb), low indel count (1 indel), and the absence
of signature 30 in this tumor.

Concordance with known breast cancer genomic data
Despite the suboptimal conservation of the FFPE tumor
samples, the validity of the WES data was strongly sup-
ported by expected observations. Mutational signatures
related to aging (signature 1), activity of the APOBEC
cytidine deaminases (signatures 2 and 13), and HRD
(signature 3) predominated in tumor samples (Fig. 2)
[31]. The contribution of signature 3 was significantly
more pronounced in triple-negative breast cancer

Fig. 1 Waterfall plot depicting the presence (and type) or absence of a somatic second hit for the germline variants in the matched
tumor samples
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(TNBC) (Figure S2B) [32]. APOBEC deregulation was
predominant in ERBB2-overexpressing cases (Figure S2C)
[33]. The HRD score was higher in TNBC than in the
other subgroups (Figure S2D). This score correlated with
the relative contribution of signature 3 (R2 = 0.13, p =
0.002, Figure S2A). Significantly, CABR95, carrying the
germline pathogenic PALB2 mutation enriched by somatic
LOH, had a high mean HRD score, in keeping with the
expected effect of loss-of-function of this gene. MutSigCV
identified significantly greater-than-expected somatic mu-
tation rates of TP53, PIK3CA, and GATA3 (Table S3) [34].

Additional support for the pathogenic effect of
somatically enriched variants
Evaluation of splice site alterations
Three tumor samples had somatic enrichment of a germ-
line variant predicted to alter splicing. Using cDNA syn-
thesized on RNA extracted from blood cells, we
confirmed that the MRE11A germline variant enriched by
LOH in the tumor of CABR61 altered normal splicing

(NM_005591 c.1501-8 T>G, unknown in GnomAD). The
resulting transcript retains eight intronic nucleotides up-
stream of exon 14, resulting in a frameshift (Figure S5).
This tumor is furthermore associated with a high HRD
score (Figure S2A). The MUTYH germline variant
enriched by amplification in the tumor of CABR10
(c.1178G>A) is a hotspot pathogenic variant and has pre-
viously been shown to alter MUTYH function [35]. This
tumor was however not characterized by an overaccumu-
lation of G:C>T:A transversions (20%) or signature 18
contribution (reflecting 8-oxoguanine-related mutagenesis
and MUTYH deficiency) [36]. The main contribution of
signature 3 in this TNBC could not be explained by a
studied genomic feature. RNA could not be obtained from
CABR16 to test the POLD3 germline variant, somatically
enriched by amplification.

Immunohistochemistry to confirm local loss of expression
CABR74 carried a germline frameshift mutation in
PMS1 predicted to lead to nonsense-mediated mRNA

Fig. 2 Mutational signatures operative in the tumor samples, depicted as the optimal relative contribution of COSMIC signatures to reconstruct
the mutational profiles of the samples

Van Marcke et al. Breast Cancer Research           (2020) 22:36 Page 7 of 13



decay. The matched tumor displayed CN-LOH signifi-
cantly enriching the germline variant. Bi-allelic loss of
PMS1 was confirmed by immunohistochemistry in the
infiltrating tumor area of the sample, whereas normal
tissue retained PMS1 expression (Figure S6).

Activating effect of a somatically enriched germline ERBB2
variant
CABR74 carried a germline ERBB2 variant: c.3647C>A,
encoding for p.A1216D. This variant was enriched to an
almost homozygous state in the matched tumor, by CN-
LOH. The change is present in GnomAD at an AF of
0.76%, with only one homozygous patient, predicted
damaging by 3 algorithms and located in the C-terminal
intracellular part of the protein, in the immediate neigh-
borhood of established phosphorylation sites (Fig. 3a).
Similar to the known activating mutation V777L, used
as a positive control, we showed that the variant form of
ERBB2, and the downstream signaling protein PLCγ,
had strongly increased phosphorylation when transiently
overexpressed in HEK293T cells (Fig. 3b).

Confirmation by WES performed in a second affected family
member
Both germline and tumor DNA were obtained from an
affected relative of CABR61 (with the germline MRE11A

splice site mutation enriched in tumor) and CABR95
(with the germline PALB2 pathogenic mutation inducing
a frameshift and enriched in the tumor). Clinical charac-
teristics of these patients are summarized in Table S4.
Two of the four germline variants identified in CABR61
were shared by the relative, including the MRE11A vari-
ant, which was also enriched in the relative’s tumor, by
LOH (Figure S7). She did not have any other germline
variant of interest. Of the three germline variants identi-
fied in CABR95, only PALB2 was shared by the affected
niece. Her ERBB2-overexpressing tumor did not how-
ever present a somatic second hit affecting PALB2, nor
have a high HRD score.

Confirmation by WES performed in a second primary tumor
A germline ABCD4 variant was enriched by CN-LOH in
the BC sample of CABR18. However, no second hit in
this gene was detected in a later-developed ovarian can-
cer of this patient. Conversely, a germline NF2 variant,
enriched in ovarian cancer, was depleted in the BC. No
second hits were identified corresponding to the germ-
line variants of CABR4 in her bilateral BC tumors.

Germline variants identified in multiple unrelated patients
Of the 287 unique variants, 38 were identified in at least
two unrelated patients. Of these, 7 presented a second

Fig. 3 a Localization of the ERBB2 germline variant found in CABR74, as well as the somatic missense variants in COSMIC breast cancer samples.
Figure adapted from ProteinPaint. b Western blot results of lysates of HEK293T cells transfected with designated ERBB2 constructs
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hit, but none more than once. The germline RAD51B
missense variant NM_133509 c.728A>G has been de-
scribed in HBC [37] but is probably a rare polymorph-
ism. Although present in five different patients, it was
enriched only once by LOH and has a MAF of 1.1% in
the European non-Finnish population in GnomAD.

Multidisciplinary review of the variants
Each variant located in a gene with clinical involvement or
presenting a second hit was reviewed by a multidisciplin-
ary board of oncologists and geneticists to discuss whether
the variant should be disclosed to the patient and could
lead to clinical measures (Fig. 4 and Table S5). Of note, all
our patients were already actively engaged in a BC screen-
ing program given their personal history. Thirty-nine vari-
ants found in 27 different patients were discussed, of
which 12 variants in well-established BC-predisposing
genes. The PALB2 pathogenic variant led to clinical mea-
sures as recommended by the NCCN guidelines. In con-
trast, the TP53 probably a pathogenic variant was
conservatively disclosed without gene-specific clinical
measures undertaken, as this family did not present the
clinical spectrum of a penetrant TP53 mutation and the
second hit found is a frequent event in BC [38, 39]. Seven
patients carried a variant on ATM, BRCA2, CDH1, or
PALB2 for which no argument pointed towards their im-
plication in oncogenesis. We discussed 12 variants in
cancer-predisposing genes unrelated or not related with
certainty to HBOC. Clinical measures were cautiously dis-
cussed in five cases, taking mainly the familial features
and their predisposing role to other cancer types into ac-
count, but not leading to HBOC risk prediction in their

relatives. Several variants were discarded despite the pres-
ence of a second hit, as the clinical syndrome did not fit
with the considered gene (TSC2 (for which the somatic
event is furthermore probably a passenger event), DICER1,
NF2, SDHD, ALK, CRISPLD2, MLH3, MYO1E). In total,
11 patients (16% of the sequenced cohort) received per-
sonalized genetic information.

Discussion
Multistage acquisition of DNA abnormalities in cancer-
related genes is a well-recognized oncogenic process.
Hereditary retinoblastoma and hereditary renal cell car-
cinoma (Von-Hippel Lindau disease) arise with the in-
heritance of a germline loss-of-function mutation in Rb1
and VHL, respectively [40, 41]. The loss of the normal
(functional) allele occurs locally, due to a somatic second
mutation in the same gene, rendering these cells defi-
cient. Inactivation of both BRCA1 and BRCA2 alleles ap-
pears to be required for the HRD characteristic of
BRCA-related HBOC [22]. Two-hit inactivation has also
been described, in smaller case series, for PALB2- and
ATM-related HBC, and BRIP1-related hereditary ovarian
cancer [42–44].
Our hypothesis was that matched tumor sequencing

could be helpful in pinpointing genetic bases of sus-
pected predisposition to BC in patients without patho-
genic mutations in BRCA1, BRCA2, TP53, and CHEK2.
In 735 cancer-related genes, we identified a mean of 4.7
variants per patient, with some in silico features of
pathogenicity.
Of 329 germline variants, 28 from 19 different patients

were significantly enriched in the paired tumor by a

Fig. 4 Conclusions adopted during the multidisciplinary discussion of the variants of interest. HBOC, hereditary breast or ovarian cancer
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CNA, supporting a possible role for them in oncogenic
processes. Importantly, CNA-related enrichment of
these germline variants could not be attributed simply to
an overall increase in genome-wide aneuploidy in these
samples: cumulative aneuploidy size was not significantly
different between samples that did or did not show a
somatic second hit CNA at the locus of the germline
variant. Besides, two genes presented a second somatic
mutation, in samples not characterized by a high TMB.
Twenty-five variants from 22 different patients were sig-
nificantly depleted in the tumor sample by CNA, refut-
ing the involvement of these variants in oncogenesis.
We showed that, besides gene-centric analyses, data

on global somatic mutation patterns (TMB, somatic
indel count, mutational signatures, and HRD) are neces-
sary to refine the interpretation of germline variants.
These analyses allow to differentiate somatic driver from
passenger events and to highlight if the biological
process related to the gene considered is dysregulated.
These analyses confirmed the involvement and enrich-
ment of the NTHL1 variant in CABR51, similar to a pre-
vious study [45], whereas they helped to refute the role
of another NTHL1 variant in the oncogenesis of
CABR90. In one case (CABR46), several arguments
pointed towards the presence of a “WES-invisible” sec-
ond hit mechanism involving the germline PMS2 variant
(e.g., gene promoter methylation) leading to a hypermu-
tated tumor. While lacking definitive proof of mismatch
repair deficiency, we could not find any other event that
could explain the very high TMB associated with this
tumor. A large study demonstrated that BRCA1, BRCA2,
or PALB2 (but not ATM or CHEK2) bi-allelic inactiva-
tion is associated with the mutational signature 3 [46].
In our study, high HRD scores could be explained in al-
most every case by tumor histology and molecular classifi-
cation (invasive medullary carcinoma or TNBC) or by the
presence of a tumor-enriched germline variant in a gene
implicated in homologous recombination (PALB2 in
CABR95). Interestingly, CABR61 presented a tumor with
suspected bi-allelic MRE11A inactivation and had a high
signature 3 activity. The MRE11A variant was probably
not implicated in the tumorigenesis of CABR38, as this
tumor did not contain a sign of HRD (Figure S2A). This
adds relevant data to the study of Polak et al., which did
not contain a case of MRE11A inactivation [46].
Sequencing of the second primary tumor was also

helpful in reclassifying variants. It served as an argument
to weaken the case for ABCD4 and NF2 as oncogenic
drivers of CABR18, given the discordant results found in
her breast and ovarian tumors. This analysis should be
considered with caution for several reasons; to our
knowledge, data on the consistency of second hits in
multiple tumors in a single patient carrying predisposing
mutations are scarce. Furthermore, sporadic tumors may

arise in patients with germline predisposing mutations
[47]. Thus, both tumors will not necessarily present the
same founder oncogenic events. Nevertheless, this ana-
lysis strengthened the hypothesis that the MRE11A vari-
ant in CABR61 is indeed pathogenic, as an enriching
second hit was also detected in the tumor of her mother.
Predisposition to cancer has historically been linked to

the transmission of a heterozygous defective tumor sup-
pressor gene, giving rise to oncogenesis after the inacti-
vation of the second allele. However, recent publications
demonstrated the involvement of germline defects in on-
cogenes also responding to the two-hit mechanism. In a
study of more than 10,000 cases from 33 cancer types,
high tumor expression of a germline variant in an onco-
gene (AR, MET, RET, CBL, and PTPN11) was found in
33 patients [5]. Inherited susceptibility to lung cancer
has also been demonstrated in rare families with a germ-
line EGFR mutation, the majority of them harboring a
somatic second hit [48–50]. Somatic activating muta-
tions of ERBB2 represent a well-described mechanism
driving oncogenesis in several cancer types. These muta-
tions typically cluster in the extracellular ligand-binding
and intracellular kinase domains, but transmembrane
and juxtamembrane domain mutations have also been
identified [28, 51]. Here, we describe a patient with a
germline ERBB2 variant undergoing highly significant
somatic enrichment by CN-LOH. Despite its unusual lo-
cation in the C-terminal part of the protein, the expres-
sion of this variant strongly increased phosphorylation of
ERBB2 and the downstream signaling protein PLCγ.
Added to its low frequency in the general population
(MAF 0.76%, with only one homozygous individual), this
suggests the variant is a weak activating mutation requir-
ing a second hit for oncogenesis.
We believe that the clinical spectrum of the phenotype

is still a critical point to acknowledge when considering
the predisposing role of a variant. Recently, several stud-
ies focusing on mutation prevalence questioned the abil-
ity of guidelines for cancer genetic testing to detect
mutation carriers [52, 53]. Nevertheless, the penetrance
of disease-causing mutations may vary according to the
testing indications, family history pattern, and the pres-
ence of other risk factors; underscoring cautious
decision-making is required when highlighting variants
in a gene not fitting the classical clinical syndrome [54].
The limitations of our study are those that are typically

encountered by geneticists and oncologists in the clinical
setting: First, in most of the families, we were not able to
obtain germline and tumor DNA from other affected
relatives due to cancer-related death or from a second
primary tumor. As demonstrated in four cases, this can
be very effective in reinforcing or weakening the candi-
dacy of the findings in the index patient. Second, we did
not study all possible second hit mechanisms (e.g.,
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epigenetic modification). While read-outs such as muta-
tional signatures, TMB, and HRD analyses can be surro-
gate markers of defects in particular (classes of) proteins,
they do not provide complete information on the ultimate
genetic causes. Third, a large, collaborative dataset would
increase the probability of encountering each germline
variant at least twice. Consistency in the behavior of the
variant across tumors could be seen as a strong argument
for its implication in oncogenesis. Fourth, although we
argue that it would be a missed opportunity to not con-
sider somatic events and patterns for refinement of variant
analysis, we also agree that this should not be considered
as a stand-alone argument, irrespectively of the existing
ACMG criteria. Pathogenic BRCA1/2 variants do not
present LOH in all pancreatic cancers [55]. Fifth, sample
purity and sequencing depth are critical factors in deter-
mining the sensitivity of the detection of somatic events.
Although all our samples had a tumor purity estimate >
30% (median 55%), we acknowledge that higher coverage
would have been beneficial for more accurate LOH detec-
tion in the samples with lower tumor purity. Finally, as
cancer is a multistage process evolving over time, predis-
position due to a germline mutation implies the second
hit is an early event. Multiregional tumor sequencing or
single-cell sequencing would be useful in unraveling the
evolutionary history of the disease, distinguishing drivers
from passenger somatic mutations. Theoretical methods
to infer the timing of events using single DNA samples
exist, but are based on broad assumptions about tumor
clonality and apply only to gain (mutation, amplification)
and not to loss (deletion, LOH) of information [56].

Conclusion
Our study shows that, based on the double-hit theory,
matched tumor sequencing is a useful tool to refine the in-
terpretation of variants in cancer-predisposing genes in high-
risk BC patients. Several patients benefited from this ap-
proach, which furthered our understanding of the genetic
drivers of their predisposition to BC and resulted in the im-
plementation of clinical measures or, alternatively, provided
reassurance regarding the absence of the role of the variant
in cancer initiation. From a clinical point of view, these mea-
sures should still be adapted to the recognized clinical utility
of the gene. Nevertheless, deeper insight into the biological
consequence of the germline and/or somatic events remains
required in many cases, as many genes do not have a vali-
dated read-out to estimate the effect of a genetic variant.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13058-020-01273-y.

Additional file 1: Table S1. List of the 735 genes selected for germline
variant analysis. Data regarding familial syndrome was obtained from the

supplementary data of Zhang et al. [15] and updated by literature query.
Table S2. List of germline variants retained after filtering. Information
about their characteristics and their allele-specific read depths in the
tumor. Table S3. Assessment by MutSigCV of the statistical significance
of the clustering of somatic mutations in putative cancer genes. Table
S4. Clinical characteristics of the affected relatives from which both
germline as well as tumor DNA could be obtained. Table S5. Details re-
garding the multidisciplinary discussion of variants of interest.

Additional file 2: Figure S1. Chromosome-wide analysis of difference
in allele balance between tumor and normal (DAB), using all heterozy-
gous SNVs located on the chromosome carrying the germline variant sus-
pected of DAB in the tumor. A. Example of a confirmed case of DAB,
involving the q-arm of chromosome 2. B. Example of a denied case of
DAB, as no SNV on chromosome 16 passes the threshold of significance.
Figure S2. Scatterplot of the relative contribution of mutational signature
3 and the HRD mean score for each tumor. IMC : invasive medullary car-
cinoma. A. Relative contribution of mutational signature 3 by clinical
tumor subgroup. B. Relative contribution of added mutational signatures
2 and 13 by clinical tumor subgroup. C.HRD mean score by clinical tumor
subgroup. Figure S3. Number of indels for each tumor sample. Figure
S4. MSIsensor score of the tumor samples. The positive control is an in-
dependent breast cancer case with proven microsatellite instability
(Schröder et al, unpublished data). Figure S5. Evaluation of the splicing
alteration of MRE11A due to the germline variant c.1501-8T>G in CABR61.
A.CABR61 MRE11A cDNA compared to the normal MRE11A cDNA refer-
ence. B.CABR61 MRE11A cDNA compared to the MRE11A cDNA reference
and inclusion of the 8 intronic nucleotides upfront of exon 14. C. Graphic
representation of the splicing alteration of MRE11A in CABR61. Figure
S6. Detection of PMS1 expression by IHC : Loss of PMS1 expression is ob-
served in the infiltrating tumor cells of CABR74 (A and B), while PMS1 ex-
pression is still detected in normal adjacent cells (C). PMS1 expression is
observed in infiltrating tumor cells (D and E) and in normal adjacent cells
(F) in a control case. Magnification : A and D , 5 X; B,C, E and F, 40 x. Fig-
ure S7. Copy number analysis of the tumor sample of CABR61 (A) and
her affected relative (B) demonstrating LOH of the MRE11A locus.

Acknowledgements
We are grateful to all the patients for their invaluable participation and
would like to thank all doctors who performed study inclusion and provided
clinical data (AZ Klina: Dr. D. Verhoeven; CHU UCL Namur Site Sainte-
Elisabeth: Drs. N. Anciaux, S. Henry, and M. Seret; Clinique Saint-Pierre Ottig-
nies: Dr. L. Duck; Cliniques universitaires Saint-Luc: Drs. F. Mazzeo, Y. Humblet,
F. Cornelis, and N. Janin; Grand Hôpital de Charleroi: Dr. J. Carrasco; GZA Zie-
kenhuizen: Dr. A. Prové; Institut Jules Bordet: Dr. J. Kerger; Vivalia: Dr. F.
Forget).
We thank Dr. Rachel Galot for the fruitful discussions regarding the
methodological questions, Mrs. Audrey Debue for the expert technical
assistance, and Mrs. Nathalie Blondeel for her invaluable administrative work.

Authors’ contributions
CVM, MV, and FPD conceived the project. CVM designed the experiments
with input from RH, FR, NL, MV, and FPD. CVM performed the experiments
with assistance from RH, AM, CAS, IB, PD, EK, and NL. CVM, ADL, CG, FR, JLC,
PV, MB, JPM, and FPD were actively involved in recruiting patients,
interpreting clinical data, and following the families. CVM, RH, JA, and NL did
the statistical analyses. CVM, ADL, CG, and FPD did the multidisciplinary
interpretation of the variants. CVM, NL, and FPD wrote the initial draft of the
manuscript. The authors read and approved the final manuscript.

Funding
This study was supported by grants from the Fonds de la Recherche
Scientifique (UCLouvain), the Fondation Saint-Luc, Action 29 of the Plan Can-
cer (Belgium), and the Fondation contre le Cancer (Belgium).
CVM was supported by a grant from Fondation Saint-Luc, followed by a FRIA
grant from the Fonds de la Recherche Scientifique - FNRS. FPD received a
mandate for clinical research from the Fonds de la Recherche Clinique
(UCLouvain) followed by a mandate for basic and translational oncology re-
search from the Fondation contre le Cancer (Belgium).
We thank the Genomics Platform of UCLouvain for the support in next-
generation sequencing. We also thank la Loterie nationale (Belgium) and

Van Marcke et al. Breast Cancer Research           (2020) 22:36 Page 11 of 13

https://doi.org/10.1186/s13058-020-01273-y
https://doi.org/10.1186/s13058-020-01273-y


Fondation contre le Cancer (Belgium) for their support to the Genomics Plat-
form of UCLouvain and de Duve Institute, and the Fonds de la Recherche
Scientifique - FNRS Equipment Grant U.N035.17 for the “Big data analysis
cluster for NGS at UCLouvain”.
The funding bodies had no role in the design of the study and collection,
analysis and interpretation of data, and writing the manuscript.

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article (and its additional files).

Ethics approval and consent to participate
All patients signed an informed consent approved by the Ethics Committee
of Cliniques universitaires Saint-Luc (study number 2012/08MAI/238).

Consent for publication
All patients gave written consent for the use and publication of their
anonymized data and results of the study.

Competing interests
The authors have declared no conflicts of interest related to this work.

Author details
1Department of Medical Oncology, Institut Roi Albert II, Cliniques
universitaires Saint-Luc and Institut de Recherche Expérimentale et Clinique,
UCLouvain, Brussels, Belgium. 2Human Molecular Genetics, de Duve Institute,
UCLouvain, Brussels, Belgium. 3Center for Human Genetics, Cliniques
universitaires Saint-Luc, Brussels, Belgium. 4Breast Clinic, Institut Roi Albert II,
Cliniques universitaires Saint-Luc, Avenue Hippocrate 10, 1200 Brussels,
Belgium. 5Laboratory of Translational Oncology and IPG BioBank, Institute of
Pathology and Genetics, Gosselies, Belgium. 6Center for Applied Molecular
Technologies, Institut de Recherche Expérimentale et Clinique, UCLouvain,
Brussels, Belgium. 7Department of Pathology, Cliniques universitaires
Saint-Luc, Brussels, Belgium. 8Department of Pathology, Institute of Pathology
and Genetics, Gosselies, Belgium. 9Breast Cancer Translational Research
Laboratory, Institut Jules Bordet, Université Libre de Bruxelles, Brussels,
Belgium. 10Genetics of Autoimmune Diseases and Cancer, de Duve Institute,
UCLouvain, Brussels, Belgium. 11Department of Oncology-Hematology, Grand
Hôpital de Charleroi, Charleroi, Belgium. 12Department of Medical Oncology,
UCLouvain, CHU UCL Namur, site Sainte-Elisabeth, Namur, Belgium.

Received: 6 May 2019 Accepted: 31 March 2020

References
1. NCCN. Genetic/Familial high-risk assessment: breast and ovarian (version 3.

2019) 2019.
2. NCCN. Genetic/familial high-risk assessment : colorectal (version 1.2018)

2018.
3. Lincoln SE, Kobayashi Y, Anderson MJ, Yang S, Desmond AJ, Mills MA, et al.

A systematic comparison of traditional and multigene panel testing for
hereditary breast and ovarian cancer genes in more than 1000 patients. J
Mol Diagn. 2015;17(5):533–44.

4. Siraj AK, Masoodi T, Bu R, Parvathareddy SK, Al-Badawi IA, Al-Sanea N, et al.
Expanding the spectrum of germline variants in cancer. Hum Genet. 2017;
136(11–12):1431–44.

5. Huang KL, Mashl RJ, Wu Y, Ritter DI, Wang J, Oh C, et al. Pathogenic
germline variants in 10,389 adult cancers. Cell. 2018;173(2):355–70 e14.

6. van Marcke C, Collard A, Vikkula M, Duhoux FP. Prevalence of pathogenic
variants and variants of unknown significance in patients at high risk of
breast cancer: a systematic review and meta-analysis of gene-panel data.
Crit Rev Oncol Hematol. 2018;132:138–44.

7. Green RC, Berg JS, Grody WW, Kalia SS, Korf BR, Martin CL, et al. ACMG
recommendations for reporting of incidental findings in clinical exome and
genome sequencing. Genet Med. 2013;15(7):565–74.

8. Lindor NM, Guidugli L, Wang X, Vallee MP, Monteiro AN, Tavtigian S, et al. A
review of a multifactorial probability-based model for classification of BRCA1 and
BRCA2 variants of uncertain significance (VUS). Hum Mutat. 2012;33(1):8–21.

9. Moghadasi S, Eccles DM, Devilee P, Vreeswijk MP, van Asperen CJ.
Classification and clinical management of variants of uncertain significance

in high penetrance cancer predisposition genes. Hum Mutat. 2016;37(4):
331–6.

10. Findlay GM, Daza RM, Martin B, Zhang MD, Leith AP, Gasperini M, et al.
Accurate classification of BRCA1 variants with saturation genome editing.
Nature. 2018;562(7726):217–22.

11. Castroviejo-Bermejo M, Cruz C, Llop-Guevara A, Gutierrez-Enriquez S, Ducy M,
Ibrahim YH, et al. A RAD51 assay feasible in routine tumor samples calls PARP
inhibitor response beyond BRCA mutation. EMBO Mol Med. 2018;10(12).
https://doi.org/10.15252/emmm.201809172.

12. Spurdle AB, Healey S, Devereau A, Hogervorst FB, Monteiro AN, Nathanson KL, et al.
ENIGMA--evidence-based network for the interpretation of germline mutant alleles:
an international initiative to evaluate risk and clinical significance associated with
sequence variation in BRCA1 and BRCA2 genes. Hum Mutat. 2012;33(1):2–7.

13. Knudson AG. Two genetic hits (more or less) to cancer. Nat Rev Cancer.
2001;1(2):157–62.

14. Lee AJ, Cunningham AP, Kuchenbaecker KB, Mavaddat N, Easton DF, Antoniou
AC, et al. BOADICEA breast cancer risk prediction model: updates to cancer
incidences, tumour pathology and web interface. Br J Cancer. 2014;110(2):535–45.

15. Zhang J, Walsh MF, Wu G, Edmonson MN, Gruber TA, Easton J, et al.
Germline mutations in predisposition genes in pediatric cancer. N Engl J
Med. 2015;373(24):2336–46.

16. Jian X, Boerwinkle E, Liu X. In silico prediction of splice-altering single nucleotide
variants in the human genome. Nucleic Acids Res. 2014;42(22):13534–44.

17. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med. 2015;17(5):405–24.

18. Landrum MJ, Lee JM, Riley GR, Jang W, Rubinstein WS, Church DM, et al.
ClinVar: public archive of relationships among sequence variation and
human phenotype. Nucleic Acids Res. 2014;42(Database issue):D980–5.

19. Shen R, Seshan VE. FACETS: allele-specific copy number and clonal
heterogeneity analysis tool for high-throughput DNA sequencing. Nucleic
Acids Res. 2016;44(16):e131.

20. Wolff AC, Hammond MEH, Allison KH, Harvey BE, Mangu PB, Bartlett JMS, et al.
Human epidermal growth factor receptor 2 testing in breast cancer: American
Society of Clinical Oncology/College of American Pathologists Clinical Practice
Guideline Focused Update. J Clin Oncol. 2018;36(20):2105–22.

21. Blokzijl F, Janssen R, van Boxtel R, Cuppen E. MutationalPatterns: comprehensive
genome-wide analysis of mutational processes. Genome Med. 2018;10(1):33.

22. Maxwell KN, Wubbenhorst B, Wenz BM, De Sloover D, Pluta J, Emery L, et al.
BRCA locus-specific loss of heterozygosity in germline BRCA1 and BRCA2
carriers. Nat Commun. 2017;8(1):319.

23. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A,
et al. Mutational heterogeneity in cancer and the search for new cancer-
associated genes. Nature. 2013;499(7457):214–8.

24. Skidmore ZL, Wagner AH, Lesurf R, Campbell KM, Kunisaki J, Griffith OL, et al.
GenVisR: genomic visualizations in R. Bioinformatics. 2016;32(19):3012–4.

25. Hahne F, Ivanek R. Visualizing genomic data using Gviz and Bioconductor.
Methods Mol Biol (Clifton, NJ). 2016;1418:335–51.

26. Zhou X, Edmonson MN, Wilkinson MR, Patel A, Wu G, Liu Y, et al. Exploring
genomic alteration in pediatric cancer using ProteinPaint. Nat Genet. 2016;48(1):4–6.

27. Vo BT, Li C, Morgan MA, Theurillat I, Finkelstein D, Wright S, et al.
Inactivation of Ezh2 Upregulates Gfi1 and drives aggressive Myc-driven
group 3 medulloblastoma. Cell Rep. 2017;18(12):2907–17.

28. Bose R, Kavuri SM, Searleman AC, Shen W, Shen D, Koboldt DC, et al.
Activating HER2 mutations in HER2 gene amplification negative breast
cancer. Cancer Discov. 2013;3(2):224–37.

29. Niu B, Ye K, Zhang Q, Lu C, Xie M, McLellan MD, et al. MSIsensor:
microsatellite instability detection using paired tumor-normal sequence
data. Bioinformatics. 2014;30(7):1015–6.

30. Middha S, Zhang L, Nafa K, Jayakumaran G, Wong D, Kim HR, et al. Reliable
pan-Cancer microsatellite instability assessment by using targeted next-
generation sequencing data. JCO Precis Onco. 2017;1:1–17.

31. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, et al.
Signatures of mutational processes in human cancer. Nature. 2013;500(7463):415–21.

32. Angus L, Wilting SM, van Riet J, Smid M, Steenbruggen T, Tjan-Heijnen V,
et al. The genomic landscape of 501 metastatic breast cancer patients. San
Antonio: San Antonio Breast Cancer Symposium; 2018.

33. Roberts SA, Lawrence MS, Klimczak LJ, Grimm SA, Fargo D, Stojanov P, et al.
An APOBEC cytidine deaminase mutagenesis pattern is widespread in
human cancers. Nat Genet. 2013;45(9):970–6.

Van Marcke et al. Breast Cancer Research           (2020) 22:36 Page 12 of 13

https://doi.org/10.15252/emmm.201809172


34. Nik-Zainal S, Davies H, Staaf J, Ramakrishna M, Glodzik D, Zou X, et al. Landscape of
somatic mutations in 560 breast cancer whole-genome sequences. Nature. 2016;
534(7605):47–54.

35. Plotz G, Casper M, Raedle J, Hinrichsen I, Heckel V, Brieger A, et al. MUTYH
gene expression and alternative splicing in controls and polyposis patients.
Hum Mutat. 2012;33(7):1067–74.

36. Viel A, Bruselles A, Meccia E, Fornasarig M, Quaia M, Canzonieri V, et al. A
specific mutational signature associated with DNA 8-oxoguanine persistence in
MUTYH-defective colorectal cancer. EBioMedicine. 2017;20:39–49.

37. Pelttari LM, Khan S, Vuorela M, Kiiski JI, Vilske S, Nevanlinna V, et al. RAD51B
in familial breast cancer. PLoS One. 2016;11(5):e0153788.

38. de Andrade KC, Frone MN, Wegman-Ostrosky T, Khincha PP, Kim J, Amadou
A, et al. Variable population prevalence estimates of germline TP53 variants:
a gnomAD-based analysis. Hum Mutat. 2019;40(1):97–105.

39. Rana HQ, Gelman R, LaDuca H, McFarland R, Dalton E, Thompson J, et al.
Differences in TP53 mutation carrier phenotypes emerge from panel-based
testing. J Natl Cancer Inst. 2018;110(8):863–70.

40. Knudson AG. Mutation and cancer: statistical study of retinoblastoma. Proc
Natl Acad Sci U S A. 1971;68(4):820–3.

41. Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, Li H, et al. Mutations of the VHL
tumour suppressor gene in renal carcinoma. Nat Genet. 1994;7(1):85–90.

42. Lee JEA, Li N, Rowley SM, Cheasley D, Zethoven M, McInerny S, et al. Molecular
analysis of PALB2-associated breast cancers. J Pathol. 2018;245(1):53–60.

43. Renault AL, Mebirouk N, Fuhrmann L, Bataillon G, Cavaciuti E, Le Gal D, et al.
Morphology and genomic hallmarks of breast tumours developed by ATM
deleterious variant carriers. Breast Cancer Res. 2018;20(1):28.

44. Rafnar T, Gudbjartsson DF, Sulem P, Jonasdottir A, Sigurdsson A, Jonasdottir A, et al.
Mutations in BRIP1 confer high risk of ovarian cancer. Nat Genet. 2011;43(11):1104–7.

45. Drost J, van Boxtel R, Blokzijl F, Mizutani T, Sasaki N, Sasselli V, et al. Use of
CRISPR-modified human stem cell organoids to study the origin of
mutational signatures in cancer. Science. 2017;358(6360):234–8.

46. Polak P, Kim J, Braunstein LZ, Karlic R, Haradhavala NJ, Tiao G, et al. A
mutational signature reveals alterations underlying deficient homologous
recombination repair in breast cancer. Nat Genet. 2017;49(10):1476–86.

47. Jonsson P, Bandlamudi C, Cheng ML, Srinivasan P, Chavan SS, Friedman ND, et al.
Tumour lineage shapes BRCA-mediated phenotypes. Nature. 2019;571(7766):576–9.

48. van Noesel J, van der Ven WH, van Os TA, Kunst PW, Weegenaar J, Reinten
RJ, et al. Activating germline R776H mutation in the epidermal growth
factor receptor associated with lung cancer with squamous differentiation. J
Clin Oncol. 2013;31(10):e161–4.

49. Ohtsuka K, Ohnishi H, Kurai D, Matsushima S, Morishita Y, Shinonaga M,
et al. Familial lung adenocarcinoma caused by the EGFR V843I germ-line
mutation. J Clin Oncol. 2011;29(8):e191–2.

50. Bell DW, Gore I, Okimoto RA, Godin-Heymann N, Sordella R, Mulloy R, et al.
Inherited susceptibility to lung cancer may be associated with the T790M
drug resistance mutation in EGFR. Nat Genet. 2005;37(12):1315–6.

51. Pahuja KB, Nguyen TT, Jaiswal BS, Prabhash K, Thaker TM, Senger K, et al.
Actionable activating oncogenic ERBB2/HER2 transmembrane and
juxtamembrane domain mutations. Cancer Cell. 2018;34(5):792–806 e5.

52. Beitsch PD, Whitworth PW, Hughes K, Patel R, Rosen B, Compagnoni G,
et al. Underdiagnosis of hereditary breast cancer: are genetic testing
guidelines a tool or an obstacle? J Clin Oncol. 2019;37(6):453–60.

53. Mandelker D, Zhang L, Kemel Y, Stadler ZK, Joseph V, Zehir A, et al.
Mutation detection in patients with advanced cancer by universal
sequencing of cancer-related genes in tumor and normal DNA vs guideline-
based germline testing. JAMA. 2017;318(9):825–35.

54. Katki HA, Greene MH, Achatz MI. Testing positive on a multigene panel does
not suffice to determine disease risks. J Natl Cancer Inst. 2018;110(8):797–8.

55. Lowery MA, Wong W, Jordan EJ, Lee JW, Kemel Y, Vijai J, et al. Prospective
evaluation of germline alterations in patients with exocrine pancreatic
neoplasms. J Natl Cancer Inst. 2018;110(10):1067–74.

56. Jolly C, Van Loo P. Timing somatic events in the evolution of cancer.
Genome Biol. 2018;19(1):95.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Van Marcke et al. Breast Cancer Research           (2020) 22:36 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Patients and germline DNA samples
	Germline whole-exome sequencing (WES)
	Matched tumor WES
	Bioinformatics processing of WES data
	Classification and selection of germline variants identified by WES
	Assessment of tumor WES data for somatic second hits
	Analysis of the patterns of somatic mutations
	Visualization of the genomic results
	Evaluation of splicing alterations
	In vitro kinase assay of the germline ERBB2 variant
	Immunohistochemistry

	Results
	Population
	Germline variants
	Difference in allele balance between tumor and normal
	Analysis of somatic second hits in tumor WES
	Refining the analysis of germline variants on the basis of global somatic mutation patterns
	Concordance with known breast cancer genomic data
	Additional support for the pathogenic effect of somatically enriched variants
	Evaluation of splice site alterations
	Immunohistochemistry to confirm local loss of expression
	Activating effect of a somatically enriched germline ERBB2 variant
	Confirmation by WES performed in a second affected family member
	Confirmation by WES performed in a second primary tumor
	Germline variants identified in multiple unrelated patients
	Multidisciplinary review of the variants


	Discussion
	Conclusion
	Supplementary information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

