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ABSTRACT
◥

Data from germline testing in unselected patients with
hepatobiliary cancers are limited. Identification of germ-
line predisposition can have important implications on
cancer treatment and family counseling. To determine
prevalence of pathogenic germline variants (PGV) in
patients with hepatobiliary cancer, we undertook a pro-
spective multi-site study of germline sequencing using a
>80-gene next-generation sequencing platform among
patients with hepatobiliary cancers receiving care at Mayo
Clinic Cancer Centers between April 1, 2018 and March
31, 2020. Patients were not selected on the basis of stage,
family cancer history, ethnicity, or age. Family cascade
testing was offered at no cost. Of 205 patients, the median
age was 65 years, 58.5% were male, 81% were White, and
64.4% had cholangiocarcinoma, 21.5% hepatocellular car-
cinoma, 7.8% gallbladder cancer, and 4.3% carcinoma of
ampulla of Vater. PGV were found in 15.6% (n ¼ 32) of
patients, including 23 (71%) in moderate and high pen-
etrance cancer susceptibility genes. A total of 75% of
patients with a positive result would not have been

detected using guidelines for genetic evaluation. Preva-
lence of PGV was 15.7% in intrahepatic cholangiocarci-
noma, 17% in extrahepatic cholangiocarcinoma, 15.9% in
hepatocellular cancer, and 33% in carcinoma of ampulla of
Vater. On the basis of these genetic findings, 55% were
potentially eligible for approved precision therapy and/or
clinical treatment trials. Universal multi-gene panel test-
ing in hepatobiliary cancers was associated with detection
of heritable mutations in over 15% of patients most of
whom would not have been tested using current guide-
lines. Germline testing should be considered in all patients
with hepatobiliary cancers.

Prevention Relevance: Universal multi-gene testing in
hepatobiliary cancers was associated with heritable muta-
tions in over 15% of patients, most of whom would not have
been tested using current guidelines. 55% were potentially
eligible for approved precision therapy and/or clinical treat-
ment trials. Germline testing should be considered in all
patients with hepatobiliary cancers.

Introduction
Hepatobiliary cancers are a set of malignant tumors that

arises from different regions including the liver and biliary
tract (1). This group comprises several different tumors,
including hepatocellular carcinoma (HCC), intrahepatic cho-
langiocarcinoma (IHC), extrahepatic cholangiocarcinoma
(EHC), gallbladder cancer, and cancer of the ampulla of
Vater (1). The incidence of HCC and IHC is increasing in the
last decades in theUnited States, with an estimated incidence of
42,810 new cases diagnosed and 30,160 deaths in 2020 (2–4).
Limited data are available about a hereditary component in

the development of hepatobiliary cancers (5). A retrospective
analysis of 267 patients with hepatobiliary cancer referred for
germline testing found 41 patients (15%) were carriers of
pathogenic or likely pathogenic germline variants (P/LP GV;
ref. 6). In this study, 32% of these PGV detected could have
clinical utility for eligibility of the patients in ongoing treatment
trials (6). Another group evaluated germline testing in 131
patients with biliary tract cancers (IHC, EHC, and gallbladder
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cancer) and found 21 patients (16%) with PGV, with a third of
mutations being present in the high-penetrance cancer sus-
ceptibility genes BRCA1 and BRCA2 (7). Germline mutations
particularly in genes related to DNA damage response could
have implications for treatment selection and response, such as
platinum-based regimens and PARP inhibitors (8, 9).
Currently, germline testing is not recommended as stan-

dard of care for all HBCs. The recommendation for germline
testing or referral to for genetic evaluation is based on a
family history of Lynch- or BRCA-associated cancers (1).
Comprehensive studies are still necessary to address the
prevalence and characteristics of germline susceptibility in
this heterogeneous group of cancers. In this article, we report
the clinical characteristic and outcomes of a multi-center
prospective cohort of patients with hepatobiliary cancer who
underwent germline testing with next-generation sequenc-
ing (NGS) using a >80 genes platform. Patients were unse-
lected for stage of disease, family history of cancer, ethnicity
or age. We also include in this report cases of carcinoma of
ampulla of Vater, a rare tumor that arises from the ampulla
of Vater at the duodenal confluence of the distal common
bile duct (10).

Materials and Methods
Patient selection
From April 1, 2018 through March 31, 2020, a total of 2,984

unselected adult patients with a new or active diagnosis of
cancer were recruited from multi-disciplinary clinics at any of
theMayo Clinic destination Cancer Centers in Rochester, MN;
Jacksonville, FL or Phoenix, AZ, and a community oncology
practice in Eau Claire, WI—Mayo Clinic Interrogating Cancer
Etiology using Proactive Genetic Testing (INTERCEPT)
study (11). Patients undergoing surveillance post curative
cancer or with hematologic malignances were excluded.
Research coordinators of each site recruited patients using
central lists of daily oncology clinic visits. Germline sequencing
using a NGS panel of 83 genes (84 genes as of July 2019) was
offered at no cost for all participants and had disclosure of
results (11). All cancer-predisposing genes identified in the
American College of Medical Genetics and Genomics guide-
lines were included in the panel. Patients in this study were not
selected on the basis of clinical characteristics, including family
or personal history of cancer, cancer type, stage of disease,
ethnicity, or age at diagnosis. This cohort included 205 patients
with a diagnosis of HBC and ampullary carcinoma and com-
prises the patients analyzed in this study. Patients with a
previously established molecular diagnosis of a cancer genetic
syndrome were excluded from the INTERCEPT study; how-
ever, none of the patients in theHBC cohort had a prior genetic
diagnosis.
All patients viewed a standard pretest education video before

undergoing genetic testing and additional pretest genetic
counseling was offered. The test results were reviewed by
physicians with expertise in cancer genetics or certified genetic
professional. Genetic counseling and family variant cascade

testing was offered to all individuals with pathogenic or likely
pathogenic variants at no cost.
Clinical outcomes information was collected in this study

either from medical records or self-administered electronic
questionnaires for family pedigree information. Mayo Clinic
Institutional Review Board (IRB 18-00326) approved this
study. Written informed consent is provided from all the
patients. Data were deidentified with the exception of two
investigators (N. Jewel Samadder and K.L. Kunze).

Sequencing, variant calling, and result reporting
All patients underwent NGS germline genetic testing with a

multi-gene cancer panel of 83 genes (84 genes as of July 2019)
on the Invitae Multi-cancer panel (Supplementary Table S1).
Invitae performed the full gene sequencing and variant inter-
pretation. Independent review of the test results by a medical
geneticist confirmed the variant findings. The classification of
the genes were based on disease risk and prior modeling,
classified as high [relative risk (RR) > 4], intermediate (RR,
2–4) or low (RR< 2) penetrant, recessive or of uncertain clinical
actionability.

Statistical analysis
Descriptive statistics for demographic, clinical, and treat-

ment-related characteristics of the cohortwere examined. Rates
of detection of clinically actionable findings using 2018 and
2020 National Comprehensive Cancer Network (NCCN)
guidelines were calculated. Rates of uptake of family variant
testing (FVT) and findings in tested family members were
examined.

Results
Cohort characteristics
From April 1, 2018 through March 31, 2020, 3,095 patients

were enrolled into the INTERCEPT study, 111 patients were
ultimately excluded because of: (i) no blood sample was
obtained for genetic testing (n ¼ 12), (ii) consent withdrawn
by patient (n¼ 96), (iii) failure of genetic testing at Invitae (n¼
3), leaving 2,984 of whom 205 were patients with a diagnosis of
hepatobiliary cancer (Supplementary Fig. S1). The distribution
of sex, age, comorbidities, and stage stratified by primary tumor
location are shown in Table 1; Supplementary Table S2. The
most common tumor type was 64.4% cholangiocarcinoma
(64.4%), followed by HCC (21.5%), gallbladder cancer
(7.8%), and carcinoma of ampulla of Vater (4.3%). Themedian
age at diagnosis was 65 years and 58.5% were male. Overall,
54.6% of patients were smokers, 17.1% had a body mass index
over 30, 20% had type 2 diabetes, and 30.7% hypertension. The
proportions of patients with early stage (I and II) disease were
42% and late stage (III and IV) were 58%. Race and ethnicity
distributions included 10.2% Hispanic/Latino, 4.4% Black/
African American, and 81.5% White. Eighteen patients with
biliary cancers had history of primary sclerosing cholangitis
and 59% (26/44) of patients with HCC had hepatitis B or C.
Detailed family history information was available on 91
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patients (44.4%), of whom 61 patients (29.8%) had a family
history of any cancer in a first-degree relative. Of the 205
patients with HBC, 31% (n¼ 64) were new/incident diagnosis
and 69% (n¼ 151) were active or prevalent cases in continued
oncology care. Clinical outcomes of the entire cohort are shown
in Table 1; Supplementary Table S3.

Variants detection
Of the 205 patients undergoing germline analysis, 32

patients (15.6%) harbored 34 pathogenic/likely pathogenic
variants conferring cancer predisposition, with 23 (71.8%) of
the PGV in high and moderate penetrance genes (Fig. 1).
The most common pathogenic variants in high and mod-
erate penetrance genes were found in DNA damage repair

(DDR) genes including BRCA1 and BRCA2 (11.8%), NBN
(11.8%), ATM (8.8%), CHEK2 (2.9%), RAD51C (2.9%),
RAD51D (2.9%; Tables 2 and 3). Three patients (8.8%) were
detected with Lynch syndrome, 2 of whom had PGV in

Table 1. Clinical and demographic characteristics of patients stratified by tumor type.

HCC IHC EHC Gallbladder Ampulla of Vater Total
(N ¼ 44) (N ¼ 83) (N ¼ 53) (N ¼ 16) (N ¼ 9) (N ¼ 205)

Region
Southwest 21 (47.7%) 56 (67.5%) 35 (66.0%) 8 (50.0%) 6 (66.7%) 126 (61.5%)
Midwest 9 (20.5%) 13 (15.7%) 6 (11.3%) 4 (25.0%) 2 (22.2%) 34 (16.6%)
Southeast 14 (31.8%) 14 (16.9%) 12 (22.6%) 4 (25.0%) 1 (11.1%) 45 (22.0%)

Sex
Male participant 36 (81.8%) 41 (49.4%) 35 (66.0%) 4 (25.0%) 4 (44.4%) 120 (58.5%)
Female participant 8 (18.2%) 42 (50.6%) 18 (34.0%) 12 (75.0%) 5 (55.6%) 85 (41.5%)

Age (years)
Mean (SD) 64.7 (9.9) 61.0 (12.2) 61.3 (12.3) 61.1 (12.3) 65.6 (8.2) 62.1 (11.6)
Median 68.0 65.0 62.0 57.5 67.0 65.0
Range 31.0–78.0 26.0–79.0 28.0–80.0 45.0–80.0 50.0–74.0 26.0–80.0

Race
White 37 (84.1%) 69 (83.1%) 42 (79.2%) 13 (81.2%) 6 (66.7%) 167 (81.5%)
Hispanic/Latino 2 (4.5%) 7 (8.4%) 7 (13.2%) 3 (18.8%) 2 (22.2%) 21 (10.2%)
Black/African American 5 (11.4%) 3 (3.6%) 1 (1.9%) 0 (0.0%) 0 (0.0%) 9 (4.4%)
Asian 0 (0.0%) 1 (1.2%) 1 (1.9%) 0 (0.0%) 0 (0.0%) 2 (1.0%)
American Indian/Alaskan Native 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (11.1%) 1 (0.5%)
Other 0 (0.0%) 3 (3.6%) 2 (3.8%) 0 (0.0%) 0 (0.0%) 5 (2.4%)

Abbreviations: EHC, extrahepatic cholangiocarcinoma; HCC, hepatocellular carcinoma; IHC, intrahepatic cholangiocarcinoma.

Figure 1.

Germline testing results.

Table 2. Distribution of the 34 PGVs by penetrance status.

PGV Total (n ¼ 34)

High penetrance BRCA1 2 (5.9%)
BRCA2 2 (5.9%)
CDKN2A 1 (2.9%)
MLH1 2 (5.9%)
MSH6 1 (2.9%)
TP53 2 (5.9%)

Moderate penetrance ATM 3 (8.8%)
CHEK2 1 (2.9%)
HOXB13 2 (5.9%)
MITF 1 (2.9%)
NBN 4 (11.8%)
RAD51C 1 (2.9%)
RAD51D 1 (2.9%)

Low penetrance BARD1 1 (2.9%)
MUTYH (monoallelic) 6 (17.6%)
RAD50 1 (2.9%)

Recessive alleles BLM (monoallelic) 1 (2.9%)
RECQL4 1 (2.9%)
WRN 1 (2.9%)

Table 3. Pathogenic/likely pathogenic variant types.

Overall (N ¼ 34)

Type of variant
Deletion 9 (26.5%)
Duplication 4 (11.8%)
Missense 21 (61.8%)
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MLH1 and one in MSH6. Figure 2 shows the distribution of
PGV by gene and tumor site. When stratified by tumor type,
15.9% of patients with HCC, 15.7% of IHC, 17% of EHC, and
33% of ampullary cancer were diagnosed as carriers of a
PGV, respectively (Supplementary Table S4). No PGV were
identified in patients with gallbladder cancer. The prevalence
of pathogenic mutations was similar in both incident and
prevalent cases of HBC (16.3% and 14.1%). Of the 34 PGV
variants, 19 (55%) were potentially eligible for approved
precision therapy and/or clinical treatment trials (Supple-
mentary Table S5).

Application of clinical genetic referral criteria
After application of clinical genetic referral criteria, 75% of

the patients found as carriers of a PGV would not be detected
using NCCN, National Society of Genetic Counselors, or
American College ofMedical Genetics andGenomics (ACMG)
testing guidelines. Only 34% of PGV carriers met guidelines
based on family history regardless of personal history (Sup-
plementary Table S5). Even when this analysis was restricted to
patients with complete pedigree information, 73.7% of PGV
carriers would not meet current clinical practice criteria for
genetic evaluation.

Family variant cascade testing
No cost FVT was offered to all blood relatives of affected

participants. Only 3 (1.5%) patients with PGV had family
members undergo FVT within a 3-month window of their
test result.

Clinical implications of PGVs
Of the 34 patients found to have a PGV, 82% (n ¼ 28) had

PGVs that are qualifiers for potential clinically actionable man-
agement and treatment changes (Supplementary Table S6).
These can be categorized into precision therapy options (8%,

contingent on patients meeting other clinical indications),
clinical treatment trials (47%, contingent on patients meet-
ing other clinical inclusion criteria) or published clinical
guideline management recommendations (76%, such as
NCCN and ACMG).

Discussion
Germline testing results in hepatobiliary cancer are limited,

with most data based on retrospective analysis of sam-
ples (5, 6, 12). In this prospective study, universal multi-
gene panel testing in unselected patients with HBC was able
to identify 15.6% as carriers of PGV, equating to nearly 1 in 6
patients withHBC harboring a germline genetic predisposition
to cancer. The majority of these patients (75%) with a PGV
would not have been detected applying currently genetic
referral criteria, and over two-thirds of PGV were in high
and moderate penetrance genes with established guidelines
for management and/or treatment implications. Of the 34
patients with PGVs, 19 (55%) had PGVs in genes that would
be qualifiers for approved precision therapy and/or clinical
treatment trials, contingent upon the patients meeting
appropriate clinical criteria (e.g., disease stage, Eastern
Cooperative Oncology Group status, prior treatment, etc.).
Overall, 28 (82%) of these patients had PGV in genes with
available precision therapies, clinical trial and/or published
management implications.
In a prior retrospective analysis of 267 patients with HBC

referred for germline counseling, 15%were found to have a PGV
(there was no overlap of patients with the current study; ref. 6).
In addition, in another retrospective analysis of 146 Japanese
patients diagnosed with biliary tract cancers (BTC), 11% of the
patients were identified as PGV carriers (13). Around half of
the caseswere inpatientswith IHC, just one case in a patientwith
gallbladder cancer (13). In a smaller prospective cohort of 131

Figure 2.

PGVs and tumor primary site.
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patients with BTC (63.4% patients with IHC), they reported a
PGV prevalence of 16% (7). The prevalence of PGV in patients
with HBC in these studies is nearly identical to our finding of
15.6%. The distribution of PGV in IHC and EHC was similar in
this prospective cohort of 131 BTC, with a slightly higher rate
in EHC similar to our findings (7). With the data provided in
this study and corroboration by prior literature, the overall
risk of a patient with cholangiocarcinoma harboring a PGV is
comparable with other solid tumors including colorectal, breast,
and pancreatic cancers (11, 14).
In 44 patients with HCC, 7 (15.9%) patients were identified

as carriers of a PGV. Prior liver disease and known risks factors
including non-alcoholic fatty liver disease and viral hepatitis
are causally related to the development of HCC (15–17). Prior
studies in HCC have identified somatic pathogenic variants
related to development of HCC including variants in LZTR1,
EEF1A1, SF3B1, and SMARCA4 (18, 19). The impact of
germline testing in unselected patients with HCC without
known risk factors to carry PGVs has not been well charac-
terized. Incorporation of multi-gene panels to identify PGV in
patients with HCC could be helpful to delineate relationship of
genetic predisposition and environmental risk factors in the
landscape of this disease.
Though data in ampulla of Vater cancers are not widely

available, few studies suggest appreciable rates of PGV in small
case series. In our cohort, 3 in 9 patients with ampullary cancer
had a PGVdetected, 2 of themwith Lynch syndrome. As part of
the MSK-IMPACT study, 44 patients with this rare gastroin-
testinal cancer underwent germline sequencing with a multi-
gene panel (76–88 genes) and 18% were found to have a
PGV (10). These results suggest that ampullary cancers are
associated with PGV and incorporation of routine germline
testing in these patients can have therapeutic implications and
improve family counseling and cancer prevention.
The overall survival associatedwith BTC is low and precision

guided therapy is still evolving. In our study, over 50% of the
PGV were detected in DDR-related genes, including BRCA1,
BRCA2, ATM, CHEK2, NBN, RAD 50, RAD 51C, RAD 51D,
BARD1, BLM, andWRN. Pathogenic variants in genes related
to homologous recombination in patients with BTC can iden-
tify subgroups of patients with diverse patterns of disease and
possible response to targeted therapies (8, 9). Interestingly,
DDR genes with PGV were detected in 5 patients with HCC
(11%), 6 IHC (7.2%), 6 EHC (11%), and 1 ampullary carci-
noma, suggesting prevalence in all subgroups analyzed. Similar
results were observed in MSK-IMPACT study (7). Monoallelic
MUTYH mutations have a prevalence around 2% in overall
population and thus their finding in this series may be asso-
ciated with the disease or could be incidental findings expected
on the basis of population prevalence. It’s worth noting that the
PGVs in these patients do not appear enriched within a
particular gene or subset of genes tested. This may in part be
related to the size of the cohort and underscores the need for
further research to elucidate whether PGVs in particular genes
confer a predisposition to HBC.

Referral for genetic testing is traditionally based on clinical
guidelines that utilize tumor type, patient age, and family
cancer history as predictors of a PGV. Utilizing the 2020
NCCN guidelines, 75% of patients with BTC in our study
detectedwith a PGVwould have beenmissed. Furthermore, the
PGV prevalence of 15.6% in HBC is comparable with that
observed in pancreatic and ovarian cancers (15% and 20%,
respectively), guidelines for both of which recommend uni-
versal testing of patients with these cancers. These results
reinforce the need to incorporate germline testing for all
patients with HBC regardless of guideline-based criteria.
In addition, not only the universal testing can improve the

discovery of a PGV in the patient, but it can also improve the
guidance for their relatives. In our study, the traditional barrier
of cost was removed for the first 3 months following a positive
test result. Family variant testingwas pursued in less than 2%of
families of probands with a PGV which was a disheartening
realization thoughnot completely surprising. Low adherence to
cascade family testing is consistent in multiple studies. The
uptake of free cascade testing was around 20% in a study
conducted in Singapore (20). Other groups evaluated family
testing in hereditary syndromes including Lynch and gyneco-
logic cancers and observed similar findings (21, 22). In another
approach including an online initiative to cascade testing,
47.5%of invited first-degree relatives underwent genetic testing
and only 12% continued the cascade (23). Multiple factors can
be associated with the low uptake including communication
barriers, poor understanding of the test, fear of discrimination
or eventual procedures related to the findings, outside the
financial barriers. Education material as websites, videos, let-
ters, and brochures can help to support disclosure of
results (21). An annotated copy of the family tree indicating
whichmembers should receive genetic testing may help ensure
that the information is shared with patients and relatives (22).
Although contrary to U.S. privacy laws, empowerment of the
clinician or testing laboratory to directly reach out relatives
may be fruitful (23).
As has been reported previously, concerns have been raised

about high rates of variant of uncertain significance (VUS)
identified in multi-gene panel testing. Consistent with prior
studies (11) we report a VUS rate of 45%. Several studies
(24–26) have described the limited confidence that oncologists
have with the interpretation and correct management of VUS
results. A related concern is when genes with unknown or un-
clear clinical relevance may prompt invasive procedures or
morbid prophylactic operations. Referral of patients with VUS
results to a genetic counselor or clinical geneticist is an effective
approach to help mitigate these concerns. Although one might
argue that smaller, less comprehensive gene panel should be
used to reduce VUS rates, decreasing costs of testing allow
broader application of comprehensive panels, which enables
identification of clinically relevant PGVs that might otherwise
be missed because of limited family history or a nonclassical
phenotype. These issues will be important to address as broader
genetic testing is incorporated into practice.
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Strengths of this study include the prospective, multi-
center design, with a broad disease stage distribution and
use of a large NGS gene panel. Some limitations of our results
include demographic inclusivity with 81% of patients being
white. A study with long-term follow-up is necessary to
address implications of PGV status on treatment selection
and survival outcomes. Family pedigree information was not
available on all patients, which is reflective of real-world
practice however limits the ability to fully apply clinical
practice guidelines which rely heavily on this factor. Finally,
integrated tumor analysis was not performed in this cohort,
yet all the PGV found are possible genetic drivers related to
the development of cancer.

Conclusion
To our knowledge, this study is the largest prospective,

multi-center study evaluating germline sequencing in unse-
lected patients with hepatobiliary cancer. Our findings show
that nearly 1 in 6 patients with hepatobiliary cancer carry a
germline PGV. This is similar to other malignant tumors
including colorectal, breast, and pancreatic cancers that are
more commonly associated with germline predisposition.
Incorporation of germline sequencing for all patients with
HBC in clinical practice could improve understanding of the
disease, application of precision therapies, and the develop-
ment of clinical trials with personalizedmedicine and strategies
for family counseling and cancer prevention.
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