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IMPORTANCE Hereditary factors play a key role in the risk of developing several cancers.
Identification of a germline predisposition can have important implications for treatment
decisions, risk-reducing interventions, cancer screening, and germline testing.

OBJECTIVE To examine the prevalence of pathogenic germline variants (PGVs) in patients
with cancer using a universal testing approach compared with targeted testing based on
clinical guidelines and the uptake of cascade family variant testing (FVT).

DESIGN, SETTING, AND PARTICIPANTS This prospective, multicenter cohort study assessed
germline genetic alterations among patients with solid tumor cancer receiving care at Mayo
Clinic cancer centers and a community practice between April 1, 2018, and March 31, 2020.
Patients were not selected based on cancer type, disease stage, family history of cancer,
ethnicity, or age.

EXPOSURES Germline sequencing using a greater than 80-gene next-generation
sequencing platform.

MAIN OUTCOMES AND MEASURES Proportion of PGVs detected with a universal strategy
compared with a guideline-directed approach and uptake of cascade FVT in families.

RESULTS A total of 2984 patients (mean [SD] age, 61.4 [12.2] years; 1582 [53.0%] male)
were studied. Pathogenic germline variants were found in 397 patients (13.3%), including
282 moderate- and high-penetrance cancer susceptibility genes. Variants of uncertain
significance were found in 1415 patients (47.4%). A total of 192 patients (6.4%) had
incremental clinically actionable findings that would not have been detected by phenotype
or family history–based testing criteria. Of those with a high-penetrance PGV, 42 patients
(28.2%) had modifications in their treatment based on the finding. Only younger age of
diagnosis was associated with presence of PGV. Only 70 patients (17.6%) with PGVs had
family members undergoing no-cost cascade FVT.

CONCLUSIONS AND RELEVANCE This prospective, multicenter cohort study found that
universal multigene panel testing among patients with solid tumor cancer was associated
with an increased detection of heritable variants over the predicted yield of targeted testing
based on guidelines. Nearly 30% of patients with high-penetrance variants had modifications
in their treatment. Uptake of cascade FVT was low despite being offered at no cost.
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H ereditary factors play a key role in the risk of devel-
oping several cancers.1,2 Identification of a germline
predisposition can have important implications for

treatment decisions, risk-reducing interventions, cancer
screening, and germline testing for affected patients and their
close relatives. Prior studies3-5 have estimated the preva-
lence of germline cancer susceptibility in patients with breast,
prostate, and colorectal cancer. However, most of these esti-
mates have been from registry populations, genetic testing
companies, and high-risk cancer clinics, likely producing a re-
ferral and ascertainment bias. Selection for genetic testing has
traditionally been based on pathologic features of the cancer,
age at diagnosis, family history of cancer, and other factors
stipulated in clinical practice guidelines.6 Few studies7,8 have
compared the prevalence of germline findings in patients with
cancer unselected by practice guidelines. It remains unclear
what the impact of broad-based testing for inherited germ-
line variants is in patients with cancer compared with more tra-
ditional approaches of selection for genetic testing.

After the identification of a germline cancer predisposi-
tion syndrome in a symptomatic proband, cascade family vari-
ant testing (FVT) in disease-free relatives affords the oppor-
tunity for genetically targeted primary disease prevention.9,10

The degree of cascade FVT uptake significantly impacts the
cost-effectiveness of genetic testing programs11,12; however, its
uptake remains low, with cost likely being a significant barrier.13

The goals of this study were to examine the incremental yield
of pathogenic and likely pathogenic germline variants (PGVs)
in inherited susceptibility genes detected by a broad univer-
sal testing strategy compared with a targeted strategy based
on clinical guidelines, the association of universal genetic test-
ing with clinical management, and the proportion of families
who would undergo cascade FVT when offered at no cost.

Methods
Patient Selection
We undertook a prospective, multisite study of germline
genetic alterations among patients with solid tumor cancer
receiving care at Mayo Clinic Cancer Centers in Rochester,
Minnesota; Jacksonville, Florida; and Phoenix, Arizona, and
in a community oncology practice (Mayo Clinic Health Sys-
tem, Eau Claire, Wisconsin) between April 1, 2018, and March
31, 2020 (the Interrogating Cancer Etiology Using Proactive
Genetic Testing [INTERCEPT] program). Patients were unse-
lected for cancer type, stage of disease, family history of can-
cer, race/ethnicity, or age and underwent germline testing using
a greater than 80-gene next-generation sequencing plat-
form. This study was approved by the Mayo Clinic Institu-
tional Review Board. All patients provided written informed
consent. Data were deidentified except to the study investi-
gators. The study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
guideline.

During the study period, English-speaking adult (18-85
years of age) patients with a new or active cancer diagnosis,
with confirmed pathologic diagnosis of carcinoma, and treated

in medical oncology, radiation oncology, dermatology, or sur-
gical oncology clinics at any of the 3 Mayo Clinic Cancer Cen-
ters or the Mayo Clinic Health System were enrolled. Patients
hematologic malignant cancers and those undergoing surveil-
lance after curative cancer were excluded. Patients were
recruited using central lists of daily oncology clinic visits by
research coordinators at each site. Patients were not selected
based on cancer type, stage of disease, family history of can-
cer, race/ethnicity, age at diagnosis, multifocal tumors, or per-
sonal history of multiple malignant neoplasms.

All patients viewed a standardized pretest education
video and were offered additional pretest genetic counseling
if desired. Germline sequencing using a next-generation
sequencing panel of 83 genes (84 genes as of July 2019)
on the Invitae Multi-Cancer panel was offered at no cost
(eAppendix 1 in the Supplement). All test results were
reviewed by a certified genetic counselor (M.K., M.H.,
S.M.-M.) and disclosed to the patient, and those with PGVs
were invited for genetic counseling.

Clinical, demographic, and family history data and patho-
logic information were collected on all patients from medical
records or self-administered electronic questionnaires. Race/
ethnicity (ancestry) was determined by patient self-report.
Family history information was collected using an electronic
pedigree tool (CancerGene Connect).

Sequencing, Germline Variant Interpretation,
and Result Reporting
Full gene sequencing, deletion and duplication analysis, and
variant interpretation were performed at Invitae as previ-
ously described (eAppendix 2 in the Supplement).7,14,15 Patho-
genic germline variants were classified as high (relative risk >4),
intermediate (relative risk, 2-4), or low (relative risk <2)
penetrance or recessive medically actionable variants.

Comparison of Guideline-Based Testing
Guidelines from the National Comprehensive Cancer Net-
work (NCCN) and the National Society of Genetic Counselors
(NSGC)6,16-20 and the American College of Medical Genetics
(ACMG)21 were used to determine whether genetic testing was
indicated for a particular patient. For patients who met the

Key Points
Questions Does universal genetic testing in patients with cancer
identify more inherited cancer predisposition variants than a
guideline-based approach, and what is the association between
universal genetic testing and clinical management?

Findings In this multicenter cohort study of 2984 patients with
cancer, 1 in 8 patients had a pathogenic germline variant, half of
which would not have been detected using a guideline-based
approach. Nearly 30% of patients with a high-penetrance variant
had modifications in their treatment based on the finding.

Meaning Universal genetic testing detected more clinically
actionable variants than a guideline-based approach, with
a significant association with clinical management for the patients
and their families.
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guidelines, it was assumed that the only genes tested were
those recommended by the tumor-specific guideline. A PGV
was considered incremental if it was detected based on the uni-
versal testing performed in this study and would not have been
identified in targeted testing approaches recommended by
published guidelines.

Family Variant Testing
Cascade FVT was offered at no cost to all blood relatives of
affected participants with PGVs within a 90-day window of the
patient’s finalized test result report. At the time of genetic coun-
seling, patients were informed of the FVT program offered
by Invitae and assisted in communicating this information to
their relatives through the use of a standardized template
letter and an online video that described the risks and ben-
efits of genetic testing.

Statistical Analysis
Demographic and clinical characteristics of the cohort are
presented using descriptive statistics. The prevalences of PGVs
and variants of unknown significance (VUSs) are reported
in the cohort. Categorical variables were compared using the
Pearson χ2 test. Rates of incremental findings were compared
between subgroups by the Pearson χ2 test, and proportions
of germline findings were compared by stage of disease using
the χ2 test. P < .05 was considered to be statistically signifi-
cant. All statistical tests were 2 sided. Univariate logistic
regression models were used to estimate pathogenic germ-
line variants.

Results
Cohort Characteristics
A total of 3095 patients were enrolled in the study; 111 pa-
tients were ultimately excluded because (1) no blood sample
was obtained for genetic testing (n = 12), (2) consent was with-
drawn by the patient (n = 96), or (3) genetic testing was not per-
formed at Invitae (n = 3), leaving a final analytic cohort of 2984
patients (mean [SD] age, 61.4 [12.2] years; 1582 [53.0%] male)
(eFigure 1 in the Supplement). The distribution of cancer di-
agnoses, sex, age, and stage of disease in these patients is given
in eTable 1 in the Supplement. A total of 535 patients (18.6%)
had stage 0/I disease, 477 (16.7%) had stage II disease, 593
(20.7%) had stage III disease, and 1257 (43.9%) had stage IV dis-
ease at the time of genomic analysis. Race/ ethnicity distribu-
tion included 159 Hispanic/Latino (5.3%), 110 African Ameri-
can (3.7%), and 53 Asian (1.8%) patients. A family history of
cancer in a first-degree relative was reported in 1019 partici-
pants (34.1%).

Variants Detected
Among a total of 2984 patients, 397 (13.3%) harbored 426 PGVs.
More than 1 PGV variant was detected in 27 patients, of whom
2 had 3 variants detected. Pathogenic germline variants could
be stratified into those with high (n = 149), moderate (n = 133),
or low (n = 65) penetrance, and 50 patients were carriers of vari-
ants associated with recessive syndromes. The PGV rates

ranged from a low of 7.8% at the Mayo Clinic Health System
and rates of 12% to 17% at the 3 Mayo Clinic Cancer Centers
(P = .03). The 6 most common PGVs were found in BRCA1
(OMIM 113705) and BRCA2 (OMIM 600185) (66 [2.2%]), mono-
allelic MUTYH (OMIM 604933) (50 [1.7%]), CHEK2 (OMIM
604373) (47 [1.6%]), Lynch mismatch repair genes (29 [1.0%]),
and ATM (OMIM 607585) (31 [1.0%]) (Figure 1). A total of 1415
patients (47.4%) had VUSs. The incidence of germline PGVs in
various tumors ranged from 7.3% for melanoma to more than
13% for several cancer types (ovarian, 20.6%; pancreas, 15.9%;
colorectal, 15.3%; prostate, 13.7%; lung, 14.7%; cholangiocar-
cinoma, 14.5%; endometrial, 13.3%; and bladder, 14.2%). The
distribution of sex, age, ancestry, and cancer type and stage
stratified by variant type is given in eTable 2 in the Supple-
ment. Of importance, the variant rate by stage of cancer was
similar: 13.7% in stage 0 to 2 disease and 13.1% in stage 3 to 4
disease (P = .24). Those with a family history of cancer in the
same organ system had a high rate of PGVs (21.8%). A total of
13.8% of the recruited population had non-White ancestry, and
the prevalence of PGVs was 10.9% and VUSs was 62.2% (vs
53.4% for White ancestry, P < .001). Figure 2 shows the distri-
bution of genetic variants seen in each cancer type listed by
penetrance class (high, moderate, low, or recessive) and vari-
ant classification (pathogenic/likely pathogenic, VUS, or be-
nign). eFigure 2 in the Supplement shows the specific type of

Figure 1. Distribution of Pathogenic and Likely Pathogenic Variants
in 397 Patients With Cancer
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PGV (deletion, insertion, duplication, or missense) listed
by gene and tumor type. Most PGVs were missense variants
(250 [58.7%]), followed by deletion (131 [30.8%]), duplica-
tion (33 [7.7%]), and insertion (12 [2.8%]).

Application of Clinical Genetic Referral Criteria
A total of 192 cases had incremental findings that would not
have been detected by phenotype or family history–based test-
ing criteria using the 2018 NCCN, NSGC, or ACMG guidelines
(eTable 3 in the Supplement). This finding represents 6.4% of
the 2984 cases overall and 48.4% of the 397 patients with PGVs.
Of the 192 patients with incremental findings, 35 (18.2%)
carried high-penetrance PGVs, 83 (43.2%) carried moderate-
penetrance PGVs, 41 (21.4%) carried low-penetrance PGVs, and
33 (17.2%) carried recessive-penetrance PGVs. The incremen-
tal detection rate only changed minimally (42.6%) when using
current (2020) guidelines (P = .10 comparing 2018 and 2020
miss rates). Patients with incremental PGVs based on 2020 cri-
teria (n = 169) are described in eTable 4 in the Supplement.
These patients are older, less likely to have a BRCA or Lynch
mismatch repair gene variant, and less likely to have breast
or gynecologic cancer compared with those with nonincre-
mental PGVs.

The ACMG has identified 59 genes that are considered
medically actionable. With the use of the panel recom-
mended by the ACMG, the prevalence of PGVs would be 5.8%
(n = 174), and VUSs would be present in 11.0% (n = 329). How-
ever, the panel would not have identified 223 patients with
PGVs identified using the larger panel in this study, including
168 with PGVs in high- or moderate-penetrance genes.

Clinical Implications of PGVs
With few exceptions, the genes in which high-penetrance PGVs
were identified have published management recommenda-
tions, including options for precision therapy or enrollment
in clinical trials. Of the 149 patients with a high-penetrance PGV,
42 (28.2%) had clinically actionable management and treat-
ment changes that were indicated by the detected PGVs
(eTable 5 in the Supplement). These changes can be broadly
categorized as need for surgery (n = 18), targeted therapy
(n = 21), or enrollment in a clinical trial (n = 2).

Cascade FVT
No-cost FVT was offered to all blood relatives of affected par-
ticipants. Seventy patients (17.6%) with PGVs had relatives who
underwent FVT within a 3-month window of their test result.
Of the 176 family members who received FVT, 79 (45%) had
positive results . The characteristics of patients whose fami-
lies underwent FVT vs those whose families did not are sum-
marized in eTable 6 in the Supplement. The median number
of family members tested per proband was 2.0 (range, 1-14).
Similarly, the number of FVTs was low in families in which
a PGV was present in the BRCA1, BRCA2, or Lynch mismatch
repair gene (range, 16%-20%).

Factors Associated With PGVs
Logistic regression analyses found that younger age at cancer
diagnosis (<50 years) was associated with an increased likeli-

hood of having a PGV (odds ratio, 1.38; 95% CI, 1.06-1.78). Pa-
tients with colorectal, pancreatic, and prostate cancer had simi-
lar prevalences of PGVs compared with patients with breast
cancer, whereas patients with melanoma had a significantly
lower likelihood of PGVs (odds ratio, 0.58; 95% CI, 0.32-
1.00). Sex, stage of cancer, and family history of cancer were
not associated with a higher likelihood of having a PGV
(eTable 7 in the Supplement). Results were similar in the
adjusted logistic regression model.

Discussion
In this multisite, prospective cohort study of unselected
patients with cancer, universal germline genetic testing
found that approximately 1 in 8 patients (13.3%) harbored a
PGV, and 48% of those would not have been detected using
standard guidelines. Nearly 30% of patients with a high-
penetrance PGV had modifications in their treatment based
on the finding, and cascade FVT was underused even when
cost was not a barrier.

The overall PGV prevalence in this study was 13.3%. A wide
range of PGV prevalence has been reported in the literature
(range, 3%-17.5%).22-24 Our results are consistent with those
from a multicenter study of patients recruited from special-
ized cancer genetics clinics in California.8 Although a study
from New York23 reported a much higher PGV prevalence
of 17.5%, this study was restricted to patients with advanced-
stage disease. Our study has the advantage of having enroll-
ment from multiple cancer care sites across 4 US states,
including a community cancer program, and a broad repre-
sentation of cancer types and stages compared with prior
publications.8,23

A striking result was that nearly 1 in 2 identified PGVs would
have not been detected using the 2018 or 2020 NCCN guide-
lines, including identification of 124 high- or moderate-
penetrance PGVs. This finding highlights the limitations of
clinical and guideline-based risk assessment and is consis-
tent with what other studies have reported.23,25-29

In 28% of patients with PGV in high-penetrance genes,
clinical management and treatment changes were made based
on the detected PGVs, including 15.4% who receiving tar-
geted therapies or participated in clinical trials. This finding
is consistent with a prior study23 from New York that re-
ported discussion of initiation of targeted therapy in 18% of
patients with PGVs.

There are limited data on PGV rates among non-White
populations undergoing multigene panel testing. In our co-
hort, 413 patients (13.8%) reported non-White ancestry, and the
rate of PGV was 10.9% (n = 45 of 413). Our data are consistent
with reports24,30,31 from several other centers at which PGV
rates in Hispanic populations have ranged from 6.7% to 14.1%,
depending on the size of gene panel used. The rate of VUSs in
non-White populations was also much higher than in the White
population in our study, which may reflect the historical em-
phasis of genetic research on White European populations,
leading to an association with variant interpretation in minor-
ity populations.32,33 This finding indicates the importance of
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investigating the use and implication of multipanel genetic test-
ing in underrepresented populations.

Concerns have been raised about high rates of VUSs iden-
tified in multigene panel testing. Consistent with prior
studies,3,8,15,22,23 we report a VUS rate of 47%. Several
studies34-36 have described the limited confidence that on-
cologists have with the interpretation and correct manage-
ment of VUS results. A related concern is when genes with un-
known or unclear clinical relevance may prompt invasive
procedures or morbid prophylactic operations. There were also
genes for which no PGVs were identified, including some re-
cently introduced to guidelines and those involved with rare
cancers. Although one might argue that these genes should not
be tested, decreasing costs of testing allow broader applica-
tion of comprehensive panels, which enables identification of
clinically relevant PGVs that might otherwise be missed be-
cause of limited family history or a nonclassic phenotype.
These issues will be important to address as broader genetic
testing is incorporated into practice.

Equally important to the discovery of PGVs in a patient
with cancer is the potential to share these findings with their
relatives, allowing for earlier disease detection and cancer pre-
vention. In our study, the traditional barrier of cost was re-
moved, and efforts were made to ensure accurate communi-
cation of the results to family members with a letter and an
easily accessible video that explained the benefits and limita-
tions of genetic testing. Surprisingly, FVT was pursued in less
than 20% of families of probands with a PGV. This result is con-
sistent with several other studies37,38 that have found low rates
of cascade FVT, including a low-cost online initiative from Color
Genomics39 and a study40 of free FVT conducted in Singa-
pore, in which uptake was 21%. It is possible that other barri-
ers led to low uptake of FVT, such as limited comprehension
by at-risk relatives after notification, the technical nature of
genetic test reports, concerns regarding genetic discrimina-
tion and insurance coverage, and emotional burden of a can-
cer diagnosis. Although it is possible that FVT was conducted
through other laboratories, the number of such patients would
likely be small because of the financial advantage (no cost)
of completing the testing through the same laboratory used
in the study.

Strengths and Limitations
This study has several strengths. This is a prospective, mul-
ticenter study of a diverse population of patients with can-
cer across the southwestern, southeastern, and midwestern

US, including a community oncology practice. This study
implemented a model of pretest genetic education via video
that would be practical for a high volume practice. The
recruitment of patients regardless of cancer type, stage,
age of diagnosis, or family history of cancer allows for gen-
eralization of the findings to a wide variety of cancer prac-
tices. This study was uniquely able to examine the associa-
tion of the PGV finding with clinical management and to
ascertain cascade FVT within the integrated multistate
health system. To our knowledge, this is the first study of
universal guideline agnostic multigene panel testing in
a large, prospective, multicenter cohort of nearly 3000
patients with cancer.

This study also has limitations. For example, there is a lack
of long-term follow-up to assess cancer-related mortality and
the morbidity associated with targeted therapy, preventive
screening, or prophylactic surgery. The interpretation of fam-
ily history and need for testing was performed by expert re-
viewers using guidelines that changed during the study. The
cascade FVT portion of the study relied on communication of
genetic test results to family members solely by proband-
mediated disclosure, which is suboptimal and complicated
by a range of complex personal, social, and cultural factors.
Finally, the demographic characteristics and case mix of pa-
tients seen at the multiple Mayo Clinic sites that participated
in this study may not mirror those in all regions of the coun-
try and thus may limit generalizability.

Conclusions
In this large, prospective, multisite cohort study with a
broad mixture of cancer types and stages, a variety of aca-
demic and community cancer practices, and patients unse-
lected for family cancer history, universal multigene panel
testing was associated with increased detection of clinically
actionable, heritable variants over the predicted yield by
targeted testing based on clinical guidelines. Nearly 30% of
patients with high-penetrance variants had modifications in
their treatment. The rate of FVT remained low, although the
financial barrier of such testing was not present in this
study, suggesting the importance of removing financial bar-
riers from this process. This study offers significant insight
into the performance of multigene panel testing and has
broad implications for its wide clinical implementation and
acceptance in oncology practice.
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