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abstract

PURPOSE Identification of incidental germline mutations in the context of next-generation sequencing is an
unintended consequence of advancing technologies. These data are critical for family members to understand
disease risks and take action.

PATIENTS AND METHODS A retrospective cohort analysis was conducted of 1,028 adult patients with metastatic
cancer who were sequenced with tumor and germline whole exome sequencing (WES). Germline variant call
files were mined for pathogenic/likely pathogenic (P/LP) variants using the ClinVar database and narrowed to
high-quality submitters.

RESULTS Median age was 59 years, with 16% of patients ≤ 45 years old. The most common tumor types were
breast cancer (12.5%), colorectal cancer (11.5%), sarcoma (9.3%), prostate cancer (8.4%), and lung cancer
(6.6%). We identified 3,427 P/LP variants in 471 genes, and 84% of patients harbored one or more variant. One
hundred thirty-two patients (12.8%) carried a P/LP variant in a cancer predisposition gene, with BRCA2 being
the most common (1.6%). Patients with breast cancer were most likely to carry a P/LP variant (19.2%). One
hundred ten patients (10.7%) carried a P/LP variant in a gene that would be recommended by the American
College of Medical Genetics and Genomics to be reported as a result of clinical actionability, with the most
common being ATP7B (2.7%), BRCA2 (1.6%), MUTYH (1.4%), and BRCA1 (1%). Of patients who carried
a P/LP variant in a cancer predisposition gene, only 53% would have been offered correct testing based on
current clinical practice guidelines. Of 471 mutated genes, 231 genes had a P/LP variant identified in one
patient, demonstrating significant genetic heterogeneity.

CONCLUSION The majority of patients undergoing clinical cancer WES harbor a pathogenic germline variation.
Identification of clinically actionable germline findings will create additional burden on oncology clinics as
broader WES becomes common.
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INTRODUCTION

Next-generation sequencing (NGS) of a patient’s tu-
mor has become a common approach to identify
targetable genomic aberrations in patients with a va-
riety of advanced malignancies. Currently, the US
Food and Drug Administration has approved at least
one panel-based test1 and, more recently, a compre-
hensive NGS test with coverage of the whole exome,
and more than three quarters of oncologists nation-
wide use some type of NGS-based test in routine
practice.2 As the number of novel drug targets in-
creases and the cost of sequencing decreases,3

comprehensive testing will become more cost effi-
cient and more commonly used in the community
setting.

One of the unintended consequences of conducting
tumor NGS is the incidental identification of

pathogenic germline variants.4-9 For testing that does
not include paired germline DNA, the detection of
a mutation in a loci known to be consistent with
a pathogenic germline mutation must prompt, at the
very least, consideration of confirmatory germline
testing. For most comprehensive, whole exome–based
tests, paired germline is necessary to filter out the vast
number of variants tested. In any case, the detection of
concerning germline findings is complicated by mul-
tiple factors, including the complicated and dynamic
characterization of variant pathogenicity (which is
obviously designed for determining the targetability of
a somatic variant) and the clinical actionability of the
various pathogenic variants. The technology to identify
such variants exceeds our ability to accurately de-
termine pathogenicity of variants. It is not uncommon
for laboratories to have discordant classifications of
variants depending on their interpretation of the
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data.10-12 These classifications may or may not be routinely
updated by laboratories as new data emerge. Furthermore,
a particular variant’s pathogenicity may be dependent on
whether it is somatic or germline in origin.

Equally important is the complex clinical context of such
findings given that most patients have a life-limiting ma-
lignancy, receive the test without optimal pretest coun-
seling, and have agreed to the test for a completely different
reason (ie, to identify a drug target). Currently, ASCO
supports the communication of medically relevant and
incidental germline findings to patients,13 and the vast
majority of patients agree to receive these findings when
given the option to consent.14,15 Multiple studies have found
that the occurrence of germline cancer predisposition
variants is not rare in this population, ranging from 3.0% to
12.6%.4-9 However, these data from panel-based testing
are not comprehensive and lack risk-specific details such
as family history. The largest study to date from The Cancer
Genome Atlas (TCGA; n = 10,398) reported a frequency of
8%16 but only included cancer-specific variants and did not
have companion clinical annotation. Here, we present, to
our knowledge, the first expansive germline findings for
patients with cancer receiving comprehensive whole
exome sequencing (WES) of the tumor and matched
germline with annotated history with the primary intent to
identify drug targets.

PATIENTS AND METHODS

Patients

Our retrospective analysis included 1,028 consecutive
adult patients with any histologic type of metastatic cancer,
who were referred to the Indiana University Health Pre-
cision Genomics clinic between January 12, 2016, and
March 31, 2019, and who underwent paired tumor and
germline WES. The primary intent for testing was to guide
cancer therapy. Each patient had adequate tumor DNA to
meet the minimum standards for WES. All patients also
submitted a blood sample or buccal swab for germline

analysis. This study was approved by the Indiana University
Institutional Review Board.

Molecular Analysis of Patient Samples

DNA samples were obtained from each patient and sent to
NantOmics (Culver City, CA) for paired germline/somatic
testing. Clinical Laboratory Improvement Amendments
(CLIA)–based somatic WES was performed on each
sample.

In addition, exome sequencing of germline DNA was
performed with CLIA reporting of the American College of
Medical Genetics and Genomics (ACMG) cancer pre-
disposition genes. DNA sequencing libraries were prepared
from normal blood or buccal samples using the KAPA
HyperPrep kit (Roche, Indianapolis, IN) and sequenced on
an Illumina Sequencing Platform (Illumina, San Diego, CA).
DNA sequencing data were aligned to the human genome
(hg19) using the Burrows-Wheeler Aligner algorithm. Du-
plicated reads were marked by samblaster, and indel re-
alignment and base quality recalibration were performed
using GATK v2.3. Each variant was sequenced to a mini-
mum depth of 10 reads and had aminimum alternate allele
fraction of 0.25 in the normal sequencing data. Variant call
format (VCF) files containing germline variants were gen-
erated. NantOmics WES CLIA sequencing has demon-
strated . 95% sensitivity and . 99% specificity for
germline single nucleotide polymorphisms and germline
insertions and deletions.

Variant Interpretation for Hereditary Disease

Variants from germline VCF files were then annotated with
ClinVar pathogenicity classifications using the Golden Helix
SVS 8.8.3 software (Golden Helix, Bozeman, MT). Variants
were filtered for those that were classified as either path-
ogenic or likely pathogenic (P/LP) by any one of the fol-
lowing ClinVar submitters: Ambry Genetics (Aliso Viejo, CA),
Invitae (San Francisco, CA), or GeneDx (Gaithersburg,
MD). These laboratories were selected because of their
robust testing menu, thorough variant interpretation
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Although some of these mutation carriers may have been
identified from germline screening prompted by risk, recent
data from a subgroup of the IMPACT cohort highlighted
concerns regarding the inability to adequately screen cancer
mutation carriers based on pedigree.24 The IMPACT (Clin-
icalTrials.gov identifier: NCT01775022) cohort was a sub-
cohort of 1,040 patients who were referred for additional
germline testing, and 19.7% of patients were found to harbor
a germline pathogenic variant. Astonishingly, approximately
50% of these patients would not have undergone germline
testing based on their demographics, tumor characteristics,
and pedigree and thus would have accounted for almost
10% of the population with a pathogenic variant who had not
been recommended for testing. In this subcohort, patients
were referred specifically for germline testing, and thus,
although the pedigree did not always support formal testing,
it does infer that the instinct of the treating physician is
important.24 Furthermore, there was a high incidence of
Ashkenazi Jewish founder pathogenic variants (27 of
59 BRCA variants and 24 of 24 APC variants) identified,
suggesting a biased patient population that is already known
to have a higher frequency of pathogenic germline variants in
these genes. In our study, only 12.8% of patients harbored
a germline cancer predisposition variant, and 5.5% had an
ACMG cancer predisposition variant. Our study is a typical
mix of all patients with cancer referred with no consideration
of need for germline testing. The lower incidence of P/LP
variants in our study is likely in part a result of referral bias,
tumor type, and patient population.

Despite the lower baseline rate of germline mutation car-
riage, we also found that between 30% (ACMG cancer
predisposition) and 47% (all cancer predisposition) of var-
iants would not have been identified based on current
clinical guidelines. We recognize the current clinical
guidelines are designed to identify pathogenic variants in
highly penetrant genes. Therefore, with some moderate
penetrance genes, such as CHEK2 and ATM, it is expected
that a higher number of pathogenic variants would be
missed. Regardless, 1.7% of ACMG cancer predisposing
variants, which are all in high-penetrance genes, would have
been missed in a nonbiased referral population of patients
with metastatic cancer intending to find a drug target. Al-
though this represents a relatively small segment of the
population, it is sobering that approximately 30%-50% of the
patients with metastatic disease in this study harbored a risk
allele that would not have been recommended for testing but
may have led to risk-reducing screening or procedures had
they been known earlier in the patient’s life.

The clinical implications of these findings are complex and,
based on these data, common. First, the setting itself

imposes a unique challenge. Many patients in this setting
have an incurable disease, and these findings were neither
anticipated nor beneficial to the patient. Instead, the patient
is now forced to consider the implications and burden of
contacting other healthy family members who may be at
risk. This may add an emotionally taxing burden that may
also illicit unnecessary guilt and grief.25 Second, the
findings themselves are mired in multiple considerations
that are highly challenging for the medical oncologist to
navigate.

Specifically, if a possible germline mutation is found on
a traditional tumor-only panel-based test, there are no
paired germline data and the oncologist is left to decide
whether to pursue confirmatory testing. Currently, the
NCCN guidelines18 formally recommend genetic evaluation
for patients found to have a pathogenic variant in a cancer
susceptibility gene while acknowledging the high frequency
of somatic mutations clouding the picture for genes such as
TP53.7,26 In addition, the impact of finding a cardiovascular
or metabolic risk allele in a patient with end-stage cancer
may seem unimportant and out of scope for the treating
oncologist. However, there are data to suggest that many
patients with metastatic cancer would prefer to receive
these secondary findings.15,27

Other confounders exist for more comprehensive testing
even though most have paired germline results. First, there
are massive numbers of variants, and their pathogenicity
designation is dynamic and best annotated by teams with
extensive expertise in clinical and molecular genetics.28

Second, not all genes are clinically actionable, and thus,
testing may only result in concern without offering an in-
tervention to prevent or delay the onset. Third, even for
clinically actionable genes, the penetrance is often variable,
making the proposed benefit for family members to un-
dergo testing less clear.29,30

The complexity of these findings underscores the concern
regarding routine implementation of comprehensive NGS
in clinical practice without ready access to expertise in
variant interpretation and genetic counseling. This un-
intended need to consider germline findings places an
increasing strain on time and resources for routine on-
cology practices as well as on the already limited number of
genetic counselors.31 With the field quickly evolving, we
foresee that all patients with advanced cancer who plan to
undergo NGS for target drug identification should ideally
have comprehensive pretest counseling so that the opti-
mal results can be returned and expectations grounded.
However, this optimal approach will strain the time and
resources available in a routine oncology practice.
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