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Abstract

BACKGROUND: Genomic profiling of colorectal cancer aims to identify actionable somatic
mutations, but can also discover incidental germline findings.

OBJECTIVE: To report the detection of pathogenic germline variants that confer heritable cancer
predisposition.

DESIGN: Retrospective.
SETTINGS: A tertiary-referral institution.
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PATIENTS: Between 2012 and 2015, 1000 patients with advanced cancer underwent targeted
exome sequencing of a 202-gene panel. The subgroup of 151 patients with advanced colorectal
cancer who underwent matched tumor-normal (blood) sequencing formed our study cohort.

INTERVENTIONS: Germline variants in 46 genes associated with hereditary cancer
predisposition were classified according to a defined algorithm based on /n silico predictions of
pathogenicity. Patients with presumed pathogenic variants were examined for type of mutation as
well as clinical, pedigree, and clinical genetic testing data.

MAIN OUTCOME MEASURE: Detection of pathogenic germline variants

RESULTS: 1910 distinct germline variants were observed in 151 patients. After filtering, 15
(9.9%) pathogenic germline variants were found in 15 patients, arising from 9 genes of varying
penetrance for colorectal cancer (APC[2; 13%], ATM[1; 6%], BRCAL [2; 13%], CDH1[2;
13%), CHER?Z [4; 27%], MSHZ[1; T%], MSHE[1; %), NF2[1; 7%], and TP53 [1; 7%]).
Patients with pathogenic variants were diagnosed at a younger age than those without (median 45
vs. 52 years, p=0.03). Of the 15 patients, 7 (46.7%) patients with variants in low/moderate
penetrant genes for colorectal cancer, would likely have not been tested based on clinical and
pedigree criteria, where 2 harbored clinically actionable variants (CDHZ, and NF2, 28.5% of 7).

LIMITATIONS: Small sample size, advanced-stage patients

CONCLUSIONS: Tumor-normal sequencing can incidentally discover clinically unsuspected
germline variants that confer cancer predisposition in 9.9% of advanced colorectal cancer patients.
Precision medicine should integrate clinical cancer genetics to inform and interpret the
actionability of germline variants and to provide follow-up care to mutation carriers. See Video
Abstract at http://links.lww.com/DCR/AXXX.
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INTRODUCTION

Precision medicine and tumor genomic profiling are being increasingly performed for cancer

patients. These efforts have the potential to direct therapy, predict response, and define

prognosis. Available tumor sequencing strategies range from directed single-gene assays, to

targeted mutation testing of a gene panel, to whole-exome or whole-genome sequencing.
The two general approaches for genomic profiling have been tumor-only sequencing or
tumor-normal sequencing, with the latter approach being preferred and recommended to
help avoid misinterpretation of results.1:2 Tumor-normal sequencing utilizes matched blood
or saliva specimen, and germline DNA is sequenced in the background as a genomic
reference for tumor sequencing.

Profiling of germline DNA in this process opens the possibility for identifying germline

variants. These have been termed incidental or secondary findings as they were unrelated to
the original indication for testing (i.e. tumor mutation profiling) but are of medical value.3
When presumed pathogenic germline variants (PGVs) that confer heritable predisposition to
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cancer are incidentally identified, clinical genetics care should follow and should include
genetic risk assessment, clinical confirmatory testing, and follow-up cancer preventive care
for the proband and at-risk relatives.* Indeed, recent studies have suggested that large-scale
or whole-exome tumor-normal sequencing could lead to the increased identification of
patients who carry germline mutations, when compared to identification through traditional
targeted germline testing based on clinical and pedigree criteria.?

Among patients with metastatic CRC, current guidelines have highlighted the benefits of
mutation profiling for KRAS/NRAS, BRAF and DNA mismatch repair (MMR) genes.5
Increasingly, multi-gene panel testing or whole exome sequencing is replacing targeted
mutation testing of individual genes.” Because a familial or hereditary component can be
reported in nearly 25% of all CRCs,® the potential for identifying incidental PGVs during
tumor-normal sequencing can be significant. However, currently, clinicians who order tumor
sequencing are often not aware of the potential for secondary germline findings, and/or do
not have the infrastructure and support needed to provide follow-up clinical genetics care
based on such findings. In this study, we aimed to examine germline variant detection in
patients with advanced CRC who underwent tumor-normal sequencing, and to correlate the
molecular, clinical and pedigree features of patients with presumed PGVs. We hypothesized
that tumor-normal sequencing can identify more PGVs than traditional germline testing
based on clinical and pedigree criteria, and a partnership with clinical genetics expertise is
needed for clinical interpretation.

METHODS

Study population

Between 2012 and 2015, 1000 adult patients with advanced cancer were referred at the
discretion of their treating oncologists and enrolled in an institutional review board (IRB)-
approved protocol for personalized cancer therapy using next-generation somatic mutation
sequencing (Clearinghouse study; NCT01772771). A companion germline protocol enrolled
patients for optional blood collection and germline testing.? This study focuses on 151
patients with metastatic CRC who underwent sequencing of both tumor and germline DNA.
Although the general results of the entire cohort had been previously described,® we herein
provide a detailed germline analysis of the CRC patients. As previously described,? germline
findings of pathogenic significance were reviewed by a Return of Incidental Findings
committee, and communicated with the treating clinician.10 Patients were offered the
opportunity to undergo clinical genetic risk assessment, further testing, and enrollment in the
Familial High-risk GI Cancer Clinic (Figure 1).

Patient demographics, clinical treatments, and tumor characteristics were retrospectively
reviewed. Personal and family history, clinical genetic counseling, and CLIA (Clinical
Laboratory Improvement Amendments) confirmatory germline testing were noted. Clinical
actionability of PGV was based on the guidelines of the National Comprehensive Cancer
Network (NCCN).11
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Genomic sequencing and bioinformatic analyses

Genomic DNA was extracted from tumor and blood for targeted exome sequencing of 202
cancer-related genes as described previously.®12

We focused on determining the pathogenicity of variants arising from 46 genes known to be
associated with hereditary cancer predisposition (Table 1). We a priori pooled 25 genes from
the updated list of 59 medically actionable genes as recommended by the American College
of Medical Genetics and Genomics (ACMG)3 and 21 additional genes from commonly
tested on multiplex germline cancer panels in commercial Clinical Laboratory Improvement
Amendments (CLIA)-certified labs (Table 1).

Variant classification and pathogenicity calling

Variants were filtered by removing frequent variants, defined by population allele frequency
> 1% in 1000 Genomes (http://browser.1000genomes.org/index.html),13 and by presence in
more than 4 patients in our cohort (Figure 2). They were then prioritized into a 5-tier
classification using specific standard terminology: ‘pathogenic’, ‘likely pathogenic’,
‘uncertain significance’, ‘likely benign’, and ‘benign’, per recommendation of the ACMG
and similar to our previous study.4 Pathogenic variants are considered to be disease-causing
based on predicted functions of their resulting protein products. Tier 1 variants typically
resulted in a nonsense (stop gain) or a frameshift mutation and are expected to be
pathogenic. Tiers 2—4 variants typically resulted in missense mutations and their
pathogenicity was determined based on three /n silico prediction programs (Condel-http://
bg.upf.edu/fannsdb/; 15 PolyPhen-http://genetics.owh.harvard.edu/pph/data/;16 and SIFT-
http://sift.jcvi.org/).17 Variants classified to Tier 2 had deleterious predictions in both Condel
and SIFT and probably damaging predictions in PolyPhen; those to Tier 3 had probably
damaging predictions in two of three algorithms; those to Tier 4 had only one probably or
possibly damaging prediction. Other variants were classified into Tier 5. Pathogenicity of
individual variants was checked in three existing variant databases ClinVar,18 Breast Cancer
Information Core database (BIC),1% and InSiGHT variant database.29 For novel variants with
no established pathogenicity, we relied on the literature for predicted impact on the protein/
domain structure and function.2! Conflicting interpretations were resolved according to
more recent published clinical reports.

Statistical Analyses

Standard descriptive statistics and SPSS Statistics 23 (IBM) were utilized. Student’s T-Test
was used for comparisons of continuous variables. P values less than 0.05 were considered
statistically significant.

RESULTS

Patient characteristics

The median age of our study cohort was 52.5 years, with 44.4% having been diagnosed
younger than age 50. The majority of the tumors were located in the distal colon and rectum
(Table 2).
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Variant filtering and pathogenicity classification

A total of 1910 distinct germline variants were identified in 151 patients, with the majority
of patients harboring more than 1 germline variant (Table 1). Among the 46 genes analyzed,
at least one germline variant was identified in 26 (53.6%) genes, and no germline variant
was identified in 20 (43.5%; Table 1).

After filtering and tiering, we focused on 78 Tier 1-3 variants in 61 patients (Figure 2)
Among these, 53 variants were benign or of uncertain significance (VUS) and further
filtered. The remaining 26 variants were individually examined for pathogenicity. Two had
been reported as known pathogenic. The remaining variants of previously unknown
pathogenicity were expected to be pathogenic in 13 and VUS in 11 (Figure 2).

Presumed pathogenic germline variants: molecular and clinical characteristics

The 15 presumed PGV were identified in 15 patients (9.9%). Germline mutations were
identified in 9 genes (APC [2 mutations; 13%], ATM [1; 6%], BRCAL [2; 13%], CDH1[2;
13%), CHEK?Z [4; 27%], MSHZ[1; T%], MSH6[1; 7%], NF2[1; 7%], and TP53[1; 7%];
Table 1). They included 10 nonsense (stop) or frameshift mutations (Tier 1), 4 missense
variants from Tier 2, and 1 missense variant from Tier 3. Genomic locations of mutations
and domains in protein products of the 9 genes are depicted in Figure 3.

Clinical genetics care

The median age of CRC for patients with a PGV was 45 years (range 22—-69 years), which
was significantly younger than that for patients without a PGV (52 years, range: 25-78;
p=0.03). Thirteen (86.7%) patients had a family history of cancer, with 9 (60%) having a
CRC in a first or second degree relative (Table 3).

Overall, 3 patients with mutations in APC, BRCA1, and NF2, had been referred and
completed clinical genetic testing. If all 15 had been referred for genetic counseling, 8
patients would have been recommended to undergo clinical genetic testing based on age of
CRC diagnosis, personal and family history. Thus, 8 PGVs (53.3% of 15) were felt to be
likely identifiable through either phenotype-directed testing or CRC-specific multigene
panel testing.11 On the other hand, clinical criteria were unlikely to have triggered testing to
identify the remaining 7 (46.7% of 15) PGVs that arose from low to moderate penetrance
genes for CRC: ATM (1),CDH1 (1), CHECK?2 (4), and NF2(1). Nonetheless, two of these
were actionable cancer predisposition genes (CDHI and NF2, 28.5% of 7;Table 3).11

DISCUSSION

Tumor genomic profiling is often performed to identify actionable somatic mutations in
CRC, most commonly for RAS, BRAFand MMR gene mutations.8 However, it can also
discover incidental germline variants, when germline DNA is being sequenced in the
background as a control. In this study, we analyzed germline data from 151 advanced CRC
patients undergoing tumor-normal sequencing. We incidentally found that 15 (9.9%) patients
harbored a PGV in 9 genes of varying penetrance for CRC. Traditional genetic risk
assessment would likely have missed 7 variants (43% of 15 PGVs, 4.6% of 151 patients)
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from genes with low to moderate penetrance for CRC, where 2 (28.5%) of the missed PGVs
were clinically actionable mutations (in CDHZ and NF2 genes). Thus, clinicians should be
aware that when a tumor-normal sequencing is performed for somatic mutation profiling for
CRC, PGVs associated with hereditary cancer predisposition can be identified in genes of
both high and low penetrance for CRC. Therefore, an infrastructure for clinical genetics care
is needed to inform and interpret the clinical actionability of germline variants and to
provide follow-up care of mutation carriers and family members.

The convergence of somatic and germline mutational profiling is not a novel concept in
CRC. For example, Lynch Syndrome (LS) is the most common inherited CRC syndrome,
and universal testing of CRCs for microsatellite instability is an established approach to
identify patients who may harbor germline mutations or LS.8 While targeted germline
mutation testing of specific MMR genes can confirm LS diagnosis, germline sequencing on
a larger scale can lead to finding germline variants whose clinical significance and
actionability may be challenging to interpret. In this study, we focused on data from tumor-
normal genomic profiling and defined a structured approach to analyzing germline DNA
data. We identified potentially pathogenic mutations in 15 patients (10%). Patients in this
cohort underwent germline testing in an “unselected” fashion, i.e. simply due to their
participation in tumor profiling,22 regardless of clinical criteria such as age, personal history,
family history, or tumor MSI phenotype.23-26 Previous series that have similarly included
large cohorts of patients with advanced cancers of various organs, had reported overall PGV
detection rates of 3-17.5%.1:59.27 This range likely arose from the heterogeneous case mix
and algorithms of variant classification in the different series. In our series, variant
classification and pathogenicity determination algorithms were defined a priorito data
analysis, followed standard recommendations, and were consistent with that used in the
largest PGV analysis study reported to date.327-2% Based on the finding that patients with
PGVs were significantly younger than those without, it is likely that if additional selection
criteria were applied (such as age younger than 50), the yield of PGV detection would have
been even higher.26

Our study highlighted the incremental detection of PGVs through germline sequencing of
multiple genes. Traditional clinical genetics risk assessment and counseling focused on
specific highly-penetrant genes relevant to the cancer type examined. Accumulating
experience with multiplex germline gene panels that are not cancer-type specific22:26:30 have
shown that pathogenic mutations in genes previously unanticipated to be associated with
hereditary CRC could be found. For example, mutations have been detected in the BRCA1
gene, supporting that atypical Hereditary Breast Ovarian Cancer (HBOC) phenotype may
include CRC,2526:31 and in ATM and CHEK? genes, suggesting that these genes may confer
CRC risk.26:30.32 |n our study, germline DNA sequencing on a large gene panel incidentally
identified 46.7% more PGVs than if testing were directed by phenotype or by personal and
family history clinical criteria. The 15 PGVs identified arose from 9 genes with varying
penetrance for CRC, including highly penetrant genes such as APC, MSHZ2, MSH6, TP53,
moderately penetrant ones such as BRCA1 and CHEK?, as well as those with low
penetrance for CRC: ATM, CDH1, NF211 Variants in low penetrance genes for CRC are
most likely to be missed through clinical criteria-based testing, since classical clinical
genetic testing would likely to have detected PGVs in high penetrance genes, and use of

Dis Colon Rectum. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

You et al.

Page 7

CRC-specific multiplex germline gene panel would have likely detected those in moderate
penetrance genes.24 It is important to note that among the PGVs from low-penetrant genes
for CRC, 2 (28.5% of 7) of the would-have-been-missed variants were clinically actionable
because they are highly penetrant genes for other cancer predisposing syndromes (CDH1
and NVF2).

Analysis and interpretation of germline DNA sequencing requires a standardized process,
that involves both pathogenicity calling and also clinical actionability interpretation. While
the ACMG guidelines?1:29 provide a useful framework, we identified 26 variants from Tiers
1-3 that required further individual curation to determine their pathogenicity (Figure 2).
Current efforts for filtering based on variant frequency and on /n sifico determination of a
variant’s effect on the protein product were supplemented by careful search of the existing
literature and by construction of lollipop diagrams (Figure 3). These bioinformatics
algorithms established in the research setting will need to be developed into standardized
clinical pipelines if tumor-normal sequencing were to be performed for clinical care.
Increased sharing of clinically annotated germline variant data over time will assist in future
efforts in pathogenicity calling. Additionally, a partnership with clinical genetics expertise is
critical for the interpretation for clinical actionability and for translating germline findings to
clinical management decisions.2 Currently, the return of incidental germline findings at our
institution involves a dedicated committee including genetic counselors, clinical genetics
physicians, molecular pathologists, and genomic profiling team who reviews the
pathogenicity call of each variant. The treating clinician is contacted, and referral to clinical
genetic counseling is recommended. The patient is assessed at our Gastrointestinal Familial
High-risk clinic, where personalized clinical genetics care recommendations are made.®
Indeed, practice guidelines for surveillance and preventive strategies are well established for
PGVs in highly penetrant genes,33:34 but are less clear for those in moderate- or low-
penetrance genes.!! The advanced stage at cancer diagnosis, the limited expected life
expectancy, the age of the patient, family cancer history, and the presence or absence of
other at-risk relatives are additional factors that are considered in order to provide
personalized clinical cancer genetics care recommendations.3* Therefore, our study
illustrates key components of a precision medicine program, specifically those that would be
required for the management of germline DNA sequencing data: genomic sequencing,
bioinformatics analysis of variants and pathogenicity calling, return of incidental germline
results, clinical genetic testing and follow-up care (Figure 1). While these infrastructures
have been initiated in the research setting, they need to become programmatically supported
in the clinical setting. Future research in cancer care delivery, implementation, as well as
clinical and psychosocial impact of genomic profiling is needed.

Our study has several limitations. First, we analyzed germline sequencing data from a
relatively small cohort of patients with metastatic CRC who were enrolled to a precision
medicine protocol where the main goal was to examine somatic mutations for personalized
treatment options as previously described.912 Therefore, the reported PGV frequency cannot
be generalized to all patients with CRC. More specifically, we have analyzed direct germline
sequencing data acquired through a tumor-normal sequencing approach and thus our
findings are not generalizable to personalized medicine approaches where tumor-only
sequencing is performed. Currently, tumor-only sequencing for well-defined activating
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mutations in a limited panel of oncogenes is more commonly available, because it can be
done without the need for a matched germline sample, at lower cost and faster turnaround.’
While the probability of finding a mutation that confers germline cancer susceptibility with
limited tumor-only sequencing is low, it is expected to increase as larger numbers of genes
are sequenced more comprehensively in the future. Indeed, large panels, whole exome, or
genome-scale sequencing require tumor-normal analyses, to help distinguish between
somatic versus germline origins for mutations and to avoid misinterpretation of results.1.2:57
Secondly, we were limited by the retrospective design of our study. Only 3 of the patients
identified to have a PGV through our analysis had undergone confirmatory clinical germline
mutation testing in the CLIA-environment. As previously reported, common reasons for not
undergoing clinical genetics testing have included: failure to refer to genetics, failure to meet
clinical testing criteria for insurance coverage, patient refusal, and appointment no-show.?
While guidelines for germline variant tiering and pathogenicity calling exist, the specific
bioinformatics analysis algorithms can differ among testing agencies and can change over
time based on available variant databases and literature.328 Therefore, PGVs identified in
the research setting should undergo confirmatory testing in the CLIA-environment, before
any clinical actions are instituted. Taken together, these findings highlight a need for strong
partnership and improved transition of care between precision medicine research efforts and
clinical genetics care (Figure 1). Finally, although our calls of pathogenicity are based on the
recommendations of the ACMG and standardized algorithms utilizing data from available
literature and variant databases, conducting specific validation studies including segregation
analyses and functional analyses2’ was beyond the scope of this study.

CONCLUSION

We present herein incidental findings from germline DNA sequencing that was performed as
a part of a tumor-normal genomic profiling panel in patients with advanced CRC. A small
but important fraction (9.9%) of the patients had PGVs in genes associated with hereditary
predisposition to CRC or to other cancers. Nearly half (4.6%) of these would have been
missed by clinical criteria-based genetic testing, and 28.6% of the missed mutations were
clinically actionable. Tumor profiling with concurrent germline analysis can lead to
discovery of PGVs in both expected and previously unanticipated genes. Precision medicine
should integrate clinical cancer genetics to inform and interpret the actionability of germline
variants and to provide follow-up care to mutation carriers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tumor-Normal Genomic Profiling
In Partnership with Clinical Genetics Care
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A model for partnered care integrating precision medicine tumor genomic profiling with
clinical genetics care, for pathogenic germline variants incidentally detected among

advanced colorectal cancer patients
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151 Colorectal Cancer
patients (1910 variants)
from 1000 Tumor Project

47 patients (1742
variants): 21% in
1000 Genomes

104 patients (168 variants):
<1% in 1000 Genomes
Tier 1: 12 (12 variants)
Tier 2: 30 (36 variants)
Tier 3: 26 (30 variants)
Tier 4: 18 (19 variants)
Tier 5: 58 (71 variants)

Tiers 4 & 5:
76 patients
(90 variants)

61 CRC patients
(78 variants) screened
for pathogenicity
Tier 1: 12 (12 variants)
Tier 2: 30 (36 variants)
Tier 3: 26 (31 variants)

42 CRC patients
(53 variants) Benign or VUS
Tier1: 0
Tier 2: 22 (27 variants)
Tier 3: 23 (26 variants)

25 CRC patients/26 novel
variants manually curated
Tier 1: 12 (12 variants)
Tier 2: 9 (9 variants)
Tier 3: 5 (5 variants)

11 patients (11 variants)

vus
Tier 1: 2
Tier2: 5
Tier 3: 4

15 patients (15 variants)
Expected Pathogenic
Tier 1: 10
Tier 2: 4
Tier 3: 1

Figure2.
Flow chart of variants and patients. Initially 151 patients with 1910 distinct variants were

screened for presumed pathogenic germline variants. Variants with low population
frequencies (<1%) were tiered using three in silico prediction tools. Variants in Tiers 1-3
(i.e. pathogenic/probably pathogenic calls by at least 2 tools) were further characterized for
pathogenicity.
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Figure 3.

Presumed pathogenic germline variants. The locations of mutations and domains in the

encoded protein products (shown by different colors) for the 15 presumed pathogenic
variants are shown in lollipop plots. On the graph of each gene, the x axis reflects the

number of amino acid residues, and the y axis represents the total number of mutations
identified. Frameshift and stop gain mutations were classified in Tier 1, and were found in

the following genes (as denoted by chromosomal locations): APC (5922.2), BRCA1

(17921.31), CDH1 (16922.1), CHEKZ (22q12.1), MSH2(2p21-p16.3), MSHE (2p16.3), NF2
(22q12.2), TP53 (17p13.1). Missense mutations were classified into Tiers 2 and 3, and were

found in the following genes (as denoted by chromosomal locations): ATM (11q22.3),

BRCAI (17921.31), CDH1 (16922.1), CHEKZ2 (22q12.1).
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Germline variants in 46 hereditary cancer genes observed in 151 patients with advanced colorectal cancer.

No. Of Patients

] No. Of Patients P\r/ghm':d
s S e | e
: Germline
This Gene Variant in This
Gene
26 (56.5%) genes with at least one ger mline variant 15
APC 143 2
ATM 145 1
BAP1 4 0
BRCA1 102 2
BRCAZ 143 0
CDH1 3 2
CDK4 1 0
CHEK2 6 4
MEN1 143 0
MITF 3 0
MLH1 75 0
MSH2 17 1
MSH6 71 1
NF1 3 0
NF2 2 1
PALB2 37 0
RB1 5 0
RET 139 0
SMAD4 1 0
SMARCA4 4 0
STK11 6 0
TGFBRZ2 1 0
TPS3 124 1
75C1 48 0
7scz2 23 0
VHL 2 0

20 (43.5%) genes with no germline variant

BMPRI1A, BRIP1, CDKNZA, FANCC, FH, FLCN, MET, MRE11A, MUTYH, NBN, PMSZ,
PRKARIA, PTEN, RAD50, SDHA, SDHB, SDHC, SDHD, WTI1, XRCC2

Genes where a pathogenic germline variant was identified are bolded.
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Table 2.
Patient Characteristics
Characteristic All Patients | Patientswith
(n=151) Pathogenic
Germline Variants
(n=15)

Ageat diagnosis (median, range; years) | 52.5(22-78) | 45 (22-69)
Age (years)

<50 67 (44.4%) 10 (66.7%)

50-65 67 (44.4%) | 4 (26.7%)

> 65 17 (11.2%) | 1(6.7%)
Race

Non-Hispanic White 111 (73.5%) | 14 (93.3%)

Non-Hispanic Black 17 (11.3%) 0

Hispanic 10 (6.6%) 1 (6.7%)

Other 13 (8.6%) 0
Sex

Male 75 (49.7%) 11 (73.3%)

Female 76 (50.3%) | 4 (26.7%)
Tumor location

Proximal colon 42 (27.8%) 7 (41.2%)

Distal colon 76 (50.3%) | 4 (23.5%)

Rectum 32(21.2%) | 6(35.3%)
Metastatic Disease

1dte 78 (51.7%) | 9 (60%)

2sites 50 (33.1%) | 5 (33.3%)

> 2 sites 23 (15.2%) | 1(6.7%)
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