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Simple Summary: The clinical utility of positive findings in DNA damage-repair (DDR) genes
BRCA1 and BRCA2 for the treatment of patients with breast or ovarian cancer is well established.
However, multigene panel genetic testing for patients with breast and ovarian cancer now com-
monly includes DDR genes in addition to BRCAI and BRCA2, a number of which are considered
moderate or low-risk genes. This study aimed to describe the clinical utility of positive results from
genetic testing when the findings were in one of these other DDR genes. In a group of 101 women
with positive findings in a cancer gene other than BRCA1 or BRCA2 (often in a DDR gene), nearly
three-fifths (58%) had a clinical recommendation made based on their positive genetic test result
and two-thirds (65%) had the clinician make recommendations for family members that may be at
risk. This real-world data provides evidence that positive findings from genetic testing for moderate
and low-risk genes, including DDR genes, can have clinical utility and can impact a patient’s clinical
management.

Abstract: Consensus guidelines for hereditary breast and ovarian cancer include management rec-
ommendations for pathogenic/likely pathogenic (P/LP) variants in ATM, CHEK2, PALB2, and other
DNA damage repair (DDR) genes beyond BRCA1 or BRCA2. We report on clinical management
decisions across three academic medical centers resulting from P/LP findings in DDR genes in
breast/ovarian cancer patients. Among 2184 patients, 156 (7.1%) carried a P/LP variant in a DDR
gene. Clinical follow-up information was available for 101/156 (64.7%) patients. Genetic test result-
based management recommendations were made for 57.8% (1 = 59) of patients and for 64.7% (n =
606) of patients’ family members. Most recommendations were made for moderate-to-high risk genes
and were consistent with guidelines. Sixty-six percent of patients (1 = 39/59) implemented recom-
mendations. This study suggests that P/LP variants in DDR genes beyond BRCA1 and BRCA2 can

Cancers 2022, 14, 2426. https://doi.org/10.3390/cancers14102426

www.mdpi.com/journal/cancers



Cancers 2022, 14, 2426

2 of 13

change clinical management recommendations for patients and their family members, facilitate
identification of new at-risk carriers, and impact treatment decisions. Additional efforts are needed
to improve the implementation rates of genetic-testing-based management recommendations for
patients and their family members.

Keywords: genetic testing; DNA damage repair; moderate-risk genes; clinical utility; breast cancer;

ovarian cancer; clinical management

1. Introduction

The clinical utility of germline genetic testing for BRCAI and BRCA2 has been estab-
lished in patients with histories suggestive of hereditary breast and ovarian cancer [1,2].
However, mounting evidence has demonstrated that other DNA damage repair (DDR)
genes, such as ATM, CHEK2, and PALB2, are associated with an increased breast, and
potentially ovarian, cancer risk The risk associated with breast or ovarian cancer for each
gene is variable and, for some, there may be no distinctive personal or family history char-
acteristics that are predictive of carrying a pathogenic or likely pathogenic (P/LP) variant
in one of these genes [3-6]. Furthermore, there is growing evidence for the role of an in-
creasing number of DDR genes in cancer predisposition, prognosis, and predicting re-
sponse to precision therapy [7]. As evidence has grown, demonstrating the association
between P/LP variants in these DDR genes and breast and, perhaps ovarian cancer as well,
these genes have been included on multi-gene panels that are becoming more frequently
utilized in germline genetic testing for patients diagnosed with breast and/or ovarian can-
cer in the United States as well as globally [8-10]. A positive result in ATM, CHEK2,
PALB2, or other DDR genes may result in modifications to interventions that clinicians
consider when planning a patient’s clinical management and care. Such actionable inter-
ventions vary but could include clinical management changes based on consensus guide-
lines [11], implementation of Food and Drug Administration (FDA)-approved targeted
therapies, or enrollment in clinical trials.

The real-world clinical impact of positive findings in ATM, CHEK2, PALB2, and other
DDR genes conferring an increased risk of breast and/or ovarian cancer have not been
well studied. As broad, multi-gene panel testing for these genes becomes more common-
place, it is critical to understand how clinicians counsel patients when positive findings
are reported. In an effort to describe the real-world clinical impact of positive findings in
ATM, CHEK2, PALB2, and other DDR genes in a cohort of breast and/or ovarian cancer
patients, we describe whether provider-reported clinical recommendations changed, and
which interventions were recommended based on genetic testing results. Furthermore,
we explore whether the recommendations were implemented by the patient.

2. Materials & Methods

This study included a sample of patients with a personal history of breast and/or
ovarian cancer who underwent clinician-ordered multi-gene panel germline genetic test-
ing (Invitae, San Francisco, CA, USA) and received a P/LP variant in one of the ordered
genes between 2014 and 2016 at three medical genetics clinics that are part of large aca-
demic health systems (Huntsman Cancer Institute, Salt Lake City, UT, USA; Ohio State
University Medical Center, Columbus, OH, USA; and Dana Farber Cancer Institute, Bos-
ton, MA, USA).

The number and specific subset of genes tested in each individual on the previously
validated platform [12] was chosen at the ordering clinicians’ discretion. Briefly, DNA
extracted from blood or saliva samples were sequenced using a short-read next-genera-
tion sequencing (NGS) assay. A custom bioinformatics pipeline aligned sequencing reads
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and identified single nucleotide variants, small and large insertions or deletions, struc-
tural variants, and exon-level copy number variants (CNVs) [12-14]. Variants were ana-
lyzed and interpreted using the Sherloc framework, a points-based method that incorpo-
rates the joint consensus guidelines from the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology [15,16]. Based on the evidence,
variants could be classified as benign or likely benign, uncertain significance, or P/LP.

For patients with a P/LP variant in ATM, CHEK2, PALB2, and other DDR genes (ex-
cluding BRCA1 and BRCA?2), ordering clinicians (comprised mostly of genetic counselors
and some medical geneticists) completed a case-report form (CRF, Supplemental Meth-
ods). In addition to indicating breast and/or ovarian cancer (a requirement for study eli-
gibility), clinicians reported on relevant clinical history, including a personal history of
other cancers, a family history of breast or ovarian cancers, or a family history of other
cancers. The CRF also collected information regarding clinical recommendations that had
(or had not) changed based on the genetic testing results for either the patient or for the
patient’s relatives. Based on patient medical records, clinicians indicated which, if any,
recommendations patients completed (referred to as “implemented” in the CRF, see Sup-
plement). In addition, clinicians were asked to indicate whether any implementation re-
sulted in known clinical treatment interventions or outcomes and whether the testing re-
sult impacted their patient’s health outcome. Notably, information regarding the recom-
mendations among family members was based on the presence of documentation in clin-
ical notes in the proband’s medical records, but no demographic or other information was
available for these family members.

All CRFs were sent to clinicians at the same time; therefore, data regarding imple-
mentation varied depending on the time between testing and CRF completion.

In addition to analyzing the real-world impact of these positive findings, an analysis
of whether the positive findings were linked to actionable steps based on currently avail-
able interventions was investigated. In this analysis, actionable steps for each gene were
defined as one of the three following groups: (1) management recommendations, includ-
ing those derived from National Comprehensive Cancer Network (NCCN) guidelines
[11,17-24]; (2) FDA-approved targeted therapies; and/or (3) clinical trial eligibility (Table
S1). The cohort of patients with P/LP variants in ATM, CHEK2, PALB2, and other DDR
genes (excluding BRCA1 and BRCA2) were grouped based on the associated life-time risk
of each gene in relation to the risk of breast and/or ovarian cancer relative to the general
population lifetime incidence [25,26]: high (breast >40%, ovarian >10%), moderate (breast
20-39%, ovarian 5-10%), minimally increased (breast <20%, ovarian <5%), and related to
risk for other cancers (established/preliminary risk for other cancer types but unclear
breast and/or ovarian cancer risk) (Table S1) [3,6,27-31]. Patients with a P/LP variant in
more than one gene were categorized according to the highest breast and/or ovarian can-
cer risk classification. Clinical recommendations and implementation for patients and
their family were summarized by cancer risk. All analyses were summarized using de-
scriptive statistics, using the Wilson method to calculate 95% confidence intervals (Cls).

3. Results
3.1. Patient Population

During the study period, 2184 patients with a personal history of breast and/or ovar-
ian cancer were recommended for germline genetic testing per clinician assessment.
Among them, 1932 (88.5%) did not have any P/LP variants in tested genes, 94 (4.3%) had
P/LP variants in BRCA1 or BRCA2, and 156 (7.1%) had P/LP variants in ATM, CHEK2, or
another DDR gene other than BRCA1 and BRCA2. CRFs were returned for 102 of 156
(65.4%) patients with P/LP variants in DDR genes other than BRCA1 and BRCA2. One
patient with follow-up information was male and was excluded from the analysis in order
to investigate clinical management changes among a cohort of all females. Among the all-
female cohort (n = 101), the majority were White (88.1%) and reported a family history of
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breast and/or ovarian cancer (62.7%) (Table 1). A personal history of breast cancer was
most common (83.2%), followed by ovarian cancer (13.9%), with the remainder reporting
a personal history of both breast and ovarian cancers. Median duration of follow-up be-
tween time of testing and time of CRF completion was 327 days (interquartile range, 397
days; range 63 to 1040 days).

Table 1. Demographics and clinical characteristics of 101 female patients with P/LP variants in genes
beyond BRCA1 and BRCA2.

Characteristic, 1 (%) Patients (n=101)
Ethnicity 2
White/Caucasian 89 (88.1)
Black/African American 4 (4.0)
Ashkenazi Jewish 3(3.0)
Other 4 (4.0)
Unknown 1 (1.0)
Age at testing @
20-29 years 3(3.0)
30-39 years 5(5.0)
4049 years 25 (24.8)
50-59 years 31 (30.7)
60-69 years 27 (26.7)
70-79 years 6 (5.9)
>80 years 4 (4.0
Personal Br/Ov Ca history b
Breast cancer 84 (83.2)
Ovarian cancer 14 (13.9)
Breast and ovarian cancers 3(3.0)
Other personal cancer history (in addition to Br/Ov Ca)
Yes 19 (18.8)
No 77 (76.2)
Not reported 5(5.0)
Family Br/Ov Ca history =
Breast cancer 44 (43.6)
Ovarian cancer 4 (4.0
Breast and ovarian cancers 15 (14.9)
No 17 (16.8)
Not reported 22 (21.8)
Family non-Br/Ov Ca history
Yes 62 (60.4)
No 38 (37.6)
Not reported 2 (2.0)
Previous genetic testing @
Patient only 4 (4.0
Patient and relative(s) 2 (2.0)
Relative(s) only 2 (2.0
None 93 (91.1)
Number of genes on ordered test
1-5 genes 4 (4.0)
6-15 genes 16 (15.8)
16-50 genes 76 (75.2)

51+ genes 5(5.0)
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In total, P/LP variants in 23 genes were identified (Figure 1, Table S2). One third (1 =
37, 36.6%) of patients had a P/LP variant in a gene associated with increased breast cancer
risk, one third (n = 35, 34.7%) had a P/LP variant in a gene associated with an increase in
both breast and ovarian cancer risks, and one eighth (n =13, 12.9%) had a P/LP variant in
a gene associated with increased ovarian cancer risk. The remaining patients had P/LP
findings in genes associated with other HCS (n = 12, 11.9%) or no cancer risk (but with
eligibility for clinical trials). The three most common genes with P/LP variants were
CHEK2, PALB2, and ATM. Among genes with a moderate risk of breast cancer, most
(83.3%, n =5/6) had published management guidelines, with the remaining moderate-risk
gene (BARD1) associated with potential eligibility for a clinical trial (Table S1). Three
genes with high or moderate breast cancer risk and moderate or minimally increased
ovarian cancer risk all had published management guidelines. The four genes with only
a moderate or minimally increased risk of ovarian cancer also had published management
guidelines.
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Figure 1. Distribution of P/LP variants in genes with known cancer risks and clinical recommenda-
tions, stratified by cancer risk. For each gene with P/LP variants, it was determined whether any
results-based recommendations were made for the patient and/or their family members. Total num-
ber of patients with a P/LP variant in each gene is indicated. * One individual with a P/LP variant
in CHEK?2 also had a P/LP variant in MUTYH. ** One individual with a P/LP variant in ATM also
had a P/LP variant in NBN. tRAD50 and NBN do not have associated breast or ovarian cancer risks,
but do have implications for clinical trial eligibility. BC, breast cancer; E, elevated but undefined risk
due to limited data; H, high; L, minimally increased; M, moderate; OV, ovarian cancer; P/LP, path-
ogenic/likely pathogenic.

3.2. Results-Based Management Recommendations for Patients

The specific recommendations were aggregated for the 59 (58.4%, 95% CI: 48.8—
68.0%) patients for whom the clinician responded “Yes” to the following question: “For
this patient, did positive genetic test results change clinical recommendations or counsel-
ing from those that would have been made, had genetic testing not been performed?” In
total, 72 distinct management recommendations were made, the majority of which were
made for P/LP variants in moderate-to-high risk genes for either breast or ovarian cancer
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(Figure 2a). Published management guidelines based on results were available for 49
(83.1%, 95% CI: 73.5-92.7%) patients. Among those with positive findings in a moderate-
to-high-risk gene for either breast or ovarian cancer, the most commonly reported recom-
mended intervention was the consideration or recommendation of surgical prophylaxis
or modification of surgical intervention for the existing malignancy (n = 19), though there
was no additional detail provided. Among patients with recommendations related to sur-
gical plans, P/LP variants were detected in PALB2 (n =7), TP53 (n = 2), CDHI (n=1)—
which have associated guidelines recommending discussion of risk-reducing mastec-
tomy—and in RAD51C (n = 2), BRIP1 (n = 1), and MSH6 (n = 1)—which have associated
guidelines for considering risk-reducing salpingo-oophorectomy. In addition, surgical
recommendations were made for patients with P/LP variants in CHEK2 (n = 3) and ATM
(n=2), even though these genes do not have any guidelines that recommend risk-reducing
surgery, except as indicated by the patient’s family history. Modifications of imaging sur-
veillance protocols were also common among patients. None of the clinicians indicated
that chemoprevention was recommended for the patients. One patient with a P/LP variant
in RAD51C was included in a poly ADP-ribose polymerase inhibitor (PARPi) clinical trial
that required documentation of a P/LP variant in a homologous recombination deficiency
(HRD) gene for enrollment.
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Figure 2. Clinical recommendations made to patients (a) and subsequent adherence (b). The percent
of patients who received each recommendation was reported. The number of patients who received
recommendations (numerator) versus the number of patients with a P/LP variant in each gene risk
group (denominator) is reported in the x-axis. Modification of the medical management plan for
existing malignancy included radiation therapy, chemotherapy, or other medications. Recommen-
dations were made to patients with variants in the following genes: moderate breast cancer risk only
(CDH1, CHEK2, NF1, and TP53); high breast cancer risk, minimally increased ovarian cancer risk
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(PALB2); moderate breast and ovarian cancer risks (RAD51C); moderate breast cancer risk, mini-
mally increased ovarian cancer risk (ATM); moderate ovarian cancer risk only (MSH2); minimally
increased ovarian cancer risk only (BRIP1, MSH6, PMS2); elevated but undefined ovarian cancer
risk only (DICER1); and other cancer risk (APC, FH, NBN, MUTYH, SDHB). Other recommendations
include: inclusion in a research protocol for PARP inhibitors, modification of colonoscopy schedule,
screening for cancers other than existing malignancy, and discussion of pancreatic screening. Pa-
tients with P/LP variants in the following genes adhered to recommendations: moderate breast can-
cer only (CDH1, CHEK2, NF1, TP53); high breast cancer risk, minimally increased ovarian cancer
risk (PALB2); moderate breast and ovarian cancer risks (RAD51C); moderate breast cancer risk, min-
imally increased ovarian cancer risk (ATM); moderate ovarian cancer risk only (MSH2); minimally
increased ovarian cancer risk only (BRIP1, MSH6, PMS2); and other cancer risk (APC, FH, MUTYH,
NBN, SDHB). BC, breast cancer; E, elevated but undefined risk due to limited data; H, high; L, min-
imally increased; M, moderate; OV, ovarian cancer; P/LP, pathogenic/likely pathogenic.

Clinicians reported that 39 (39/59, 66.1%, 95% CI: 54.0-78.2%) patients adhered to at
least one recommendation (CRF question: “For this patient, were recommendations im-
plemented based on genetic test results?”). In total, 51 recommendations were imple-
mented (Figure 2b). Cancer risk groups with the highest adherence rates included mod-
erate ovarian cancer risk only (n=1/1, 100%), other cancer risk (n =9/10, 90.0%), minimally
increased ovarian cancer risk only (n = 5/6, 83.3%), moderate breast cancer risk only (n =
13/19, 68.4%), and high breast/minimally increased ovarian cancer risk (n = 6/9, 66.7%).
Patients with P/LP variants in genes with moderate breast cancer risk and moderate or
minimally increased ovarian cancer risk had lower adherence rates (1 =2/5, 40.4%; n=3/8,
37.5%, respectively). No patients with P/LP variants associated with an elevated but un-
defined ovarian cancer risk adhered to recommendations. The initiation or modification
of imaging surveillance protocols were the most common recommendation adhered to,
followed by surgical prophylaxis.

Though limited in availability, positive outcomes were reported for a number of pa-
tients (CRF question: “Did the implementation[s] based on genetic test for your patient,
and/or their family members, result in any known clinical outcomes?”) in whom re-
sponses were limited to only those patients where the patient adhered to a results-based
recommendation. Three patients with P/LP variants in genes with a moderate risk of
breast cancer were disease free following prophylactic surgery or a modification of the
surgical plan for an existing malignancy. An additional three patients with a P/LP in
PALB?2 (high breast cancer and elevated, albeit low, ovarian cancer risks) were disease free
after prophylactic surgery (n = 2) or modification of medical management for an existing
malignancy (n = 1). Furthermore, among patients adhering to at least one recommenda-
tion, the reporting clinician indicated that the genetic test result impacted the patient’s
health outcome for 24 patients with a P/LP variant in ATM, BRIP1, CHEK2, MSH2, MSH6,
PALB2, PMS2, RAD51C, TP53. No clinician answered “No” to the CRF question, “Did the
genetic test result impact the patient’s health outcome?”, for any patients meeting these
criteria; this information was not available (“Unknown”) for six patients (CDH1, CHEK2,
MSH6, NF1, PALB2).

Among the 42 patients with no changes in clinical recommendations, nearly three-
quarters (73.8%) had positive findings in genes with a moderate-to-high risk of breast
and/or ovarian cancer. Clinicians reported reasons for a lack of recommendations in 35
cases. The most common reasons included advanced/metastatic cancer or death prior to
receiving genetic testing results (37.1%) or a lack of clear recommendations that could be
made based on the identified variant (e.g., low-penetrance variants or, possibly, mosaic
findings) (25.7%) (Table 2). In four cases, patients did not have clinical management
changes because their management had already been changed due to their family or per-
sonal history of cancer prior to genetic testing, and the positive findings did not modify
management already implemented based on family or personal history.
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Table 2. Reasons for not making results-based recommendations (1 = 43).

Reason for No Results-Based Recommendations Number (Percentage) of Patients
Patient already had advanced/metastatic cancer (or died before results available) 13 (30.2)
Gene/Variant/Finding with no clear recommendations available @ 9 (20.9)

Patient had previous interventions before genetic testing due to personal or family

history of cancer 4(9.3)

Recommendations for patient’s current cancer diagnosis superseded recommenda-

tions for genetic testing result or no further recommendations were applicable at 6 (14.0)
this point in time given the patient’s current cancer diagnosis

Patient preference: patient did not follow recommendations or followed alternative

3(7.0
recommendations .0
No information provided 8 (18.6)
@ These include: BARDI (n = 1), CHEK2 (n = 2), MITF (n = 1), MUTYH (n = 1), RAD50 (n = 1), and
TP53 mosaic variant (n = 3). While there may not have been clear guidelines due to the variant type,
all genes included in testing were clinically actionable in some way (clinical management guide-
lines, FDA-approved treatments, and/or clinical trial eligibility [see Table S1]).
3.3. Results-Based Management Recommendations for Family Members
Clinicians made 141 different results-based recommendations regarding patients’
family members in 65 cases (64.4%, 95% CI: 55.1-73.7%). Genetic counseling and/or testing
was recommended most often (105/141, 74.5%) (Figure 3). Adherence to recommendations
were not analyzed as this was collected via clinical notes in the patients’ medical records.
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Figure 3. Clinical recommendations made to family members. The percent of family members who
received each recommendation was reported. The number of patients for whom family members
were reported to receive recommendations (numerator) versus the number of patients with a P/LP
variant in each gene risk group (denominator) is reported in the x-axis. Recommendations were
made to family members of patients with variants in the following genes: moderate breast cancer
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risk only (CDH1, CHEK2, PTEN, TP53); minimally increased breast cancer risk only (FANCC); mod-
erate breast cancer and minimally increased ovarian cancer risk (PALB2); moderate breast and ovar-
ian cancer risks (NF1, RAD51C); moderate breast cancer risk and minimally increased ovarian can-
cer risk (ATM, NF1|BRIP1); moderate ovarian cancer risk only (MSH2); minimally increased ovar-
ian cancer risk only (BRIP1, MSH6, PMS2); other cancer risks (APC, FH, MITF, MUTYH, SDHB).
Other recommendations include: carrier screening. Other family member implementation response:
colonoscopy and family in process of receiving genetic testing. BC, breast cancer; E, elevated but
undefined risk due to limited data; H, high; L, minimally increased; M, moderate; OV, ovarian can-
cer; P/LP, pathogenic/likely pathogenic

4. Discussion

This study demonstrates that, among patients with breast or ovarian cancer, positive
genetic test results in ATM, CHEK2, PALB2, and other DDR genes impact clinical recom-
mendations for the majority of patients and/or their family members. When no results-
based recommendations were made, it was most commonly because the patient was di-
agnosed with advanced cancer and no further recommendations were deemed appropri-
ate. It is possible that undergoing genetic testing earlier in these patients may have re-
sulted in an improved outcome for the patient via precision therapy, earlier second pri-
mary cancer detection, or prevention. Results-based recommendations were consistent
with current established guidelines [11]. For example, chemoprevention was not recom-
mended, as expected from recent published studies demonstrating that the proportion of
eligible patients pursuing chemoprevention remains low in actual practice [32-35]. In ad-
dition, results-based recommendations were more frequently implemented by patients
with a positive finding in high-risk genes compared with the genes in other risk groups.
However, patient adherence rates across all patients and their relatives indicate that iden-
tifying P/LP variants in ATM, CHEK2, PALB2, and other DDR genes associated with in-
creased risk of breast and ovarian cancer also impact patient care.

While clinical trial eligibility was not a pre-specified choice in this survey, one clini-
cian reported discussing the topic with a patient. Additional patients may have been in-
formed of this option but not reported. Though this is anecdotal and not an anticipated
finding from this study, it is certainly of interest. Such discussions could provide oppor-
tunities for patients with limited treatment options to consider enrollment in clinical treat-
ment trials that are tailored to their personal genetic test results, consistent with NCCN
guidelines stating the “NCCN believes that the best management of any patient with can-
cer is in a clinical trial.” Further studies examining whether clinical trials are routinely
discussed as an option for patients may provide more insights into the barriers and facil-
itators of identifying eligible patients.

This was an observational study of clinical utility and implementation and therefore
has limitations, including the retrospective design with a small sample size and inclusion
criteria and interpretation of CRF questions (e.g., definition of implementation meaning
taking the logistical steps needed to facilitate patient adherence vs. the patient following
through with the recommendation) that were dependent on testing practices of different
providers. The CRF was designed to collect real-world data in a comprehensive and con-
sistent manner, resulting in questions that were multiple choice, with an option to provide
free-text responses for more detail. The CRF did not go into details of the specifics of each
way that clinical recommendations could have changed (e.g., when surgical prophylaxis
was considered or recommended, what was the specific surgical plan?). In addition, the
CRF did not collect information about the stage of breast or ovarian cancer or the prior
treatment regimens that had been recommended and implemented for each patient. While
this information would be invaluable to understanding the real-world implications of pos-
itive findings in ATM, CHEK2, PALB2, and other DDR genes, this had to be balanced with
the time to complete the CRF. These data suggest future studies analyzing additional as-
pects of clinical care are warranted. The ordering clinicians were genetic counselors and
medical geneticists who were part of medical genetics clinics that are part of large aca-
demic health care systems and benefit from a robust integrated electronic health record
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for patients. However, in a number of cases, patients and/or their families were lost to
follow-up or information regarding clinical recommendations may not have been accessi-
ble to the ordering clinician completing the survey (e.g., the genetic test was a part of a
referral; consultation was obtained adjacent to the treating clinician at a different hospital
or clinic; documentation in the patient’s medical record was limited). Another considera-
tion related to the ordering providers is that there may have been bias in the types of
recommendations and subsequent patient uptake (i.e., recommending family testing vs.
other treatments) that were reported due to the types of clinicians completing the CRFs.
Future studies including additional types of specialty clinicians will help clarify the deci-
sion-making process following genetic testing results. A final point to consider is that the
cancer-risk associations were based on the current literature and applied to recommenda-
tions that were made more than 5 years ago. Thus, while it may appear that some of the
gene-specific recommendations might be deemed inappropriate according to current un-
derstanding of gene—disease relationships, the recommendations were justified by guide-
lines at the time of genetic testing. For example, NBN and RAD50 were once considered
to be associated with increased breast/ovarian cancer risk [36,37], but are no longer
thought to be associated with cancer risk [30,31]. However, findings in these genes do
make cancer patients eligible for clinical treatment trials (NBN, NCT02401347,
NCT04171700; RAD50, NCT02401347, NCT02286687).

5. Conclusions

These data suggest there is real-world clinical utility in genetic testing that includes
DDR genes, other than BRCA1 and BRCA2, that have known associations with hereditary
breast, ovarian, and other cancers. These findings align with clinical management guide-
lines that have expanded to include these genes. For example, the American Society of
Breast Surgeons recently recommended that any patient with a personal history of breast
cancer should receive genetic testing with a gene panel containing ATM, CHEK2, PALB2,
and other DDR genes that are known to be associated with an increased risk of breast and
ovarian cancer [38]. Additional studies of how such findings impact real-world clinical
care will continue to elucidate the benefit of genetic testing in precision therapy, clinical
management, and shortened time to diagnosis.
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Materials.

Author Contributions: Conceptualization, W.E.,S.T.M, S.Y., S.E.L, RL.N. and E.D.E.; Data curation:
S.L.B.; Formal analysis: S.L.B.; Investigation: W.E., M.C., H.H, ].]., K.S.(Kevin Sweet), R.P. (Robert
Pilarski), R.P. (Rachel Peralman), K.S.(Kate Shane), P.B., ]JA.W,, LK, ].S.,, A.C, S.C, J.ES., KA.S,,
RS, DRK, S.G, EV, SK,S.TM. and E.D.E; Methodology: S.T.M., S.Y., S.EL, RLN,, and ED.E,;
Project administration: S.T.M., SM.N., and E.D.E.; Resources: W.E.,, M.C., HH.,, ].J., K.S.(Kevin
Sweet), R.P.(Robert Pilarski), R.P.(Rachel Pearlman), K.S.(Kate Shane), P.B., JAW., LK, ]S, A.C,
S.C,J.ES,KAS, RS, DRK,S.G, EV, and SK,; Software: S.E.L., and E.D.E.; Supervision: R.L.N.
and E.D.E.; Validation: S.L.B.; Visualization: S.L.B.; Writing —original draft: S.L.B.; Writing —review
& editing, W.E.,, M.C,, H.H,, ].J, K.S.(Kevin Sweet), R.P.(Robert Pilarski), R.P.(Rachel Pearlman),
K.S.(Kate Shane), P.B., J.L AW, LK, ]S, AC,SC,JES,KAS,RS,DRK,S.G,EV,SK,STM.,,
S.Y,SM.N, SLB., S.EL., RL.N., and E.D.E All authors have read and agreed to the published ver-
sion of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Institutional Review Board of WCG Institutional Review
Board (protocol code CR-001-13, date of approval August 22, 2021).



Cancers 2022, 14, 2426 12 of 13

Informed Consent Statement: Authorization was waived due to the aggregation of fully-deidenti-
fied data.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: W.E., H.H., J.]., K.S. (Kevin Sweet), R.P. (Rachel Pearlman), K.S. (Kate Shane),
PB,J. AW, LK,]JS,A.C,JES, KAS, RS, D.RK, and S.K. report no competing interests. R.P.
(R Pilarski) is currently employed by Ambry Genetics. M.C. is currently employed by Ancestry. E.V.
is currently employed by Color Genomics. S.C., S.G., S.T.M., SM.N,, SL.B,, RL.N,, and E.D.E. are
current employees of and shareholders in Invitae. S.Y. and S.E.L. are former employees of Invitae.
S.Y. is currently employed by Illumina.

References

1.

10.

11.

12.

13.

14.

15.

16.

Warner, E.; Plewes, D.B.; Hill, K.A.; Causer, P.A.; Zubovits, ].T.; Jong, R.A.; Cutrara, M.R.; DeBoer, G.; Yaffe, M.].; Messner, S.J.;
et al. Surveillance of BRCA1 and BRCA2 Mutation Carriers with Magnetic Resonance Imaging, Ultrasound, Mammography,
and Clinical Breast Examination. JAMA 2004, 292, 1317-1325.

Domchek, S.M.; Friebel, T.M.; Singer, C.F.; Evans, D.G.; Lynch, H.T.; Isaacs, C.; Garber, ]J.E.; Neuhausen, S.L.; Matloff, E.; Eeles,
R.; et al. Association of Risk-Reducing Surgery in BRCA1 or BRCA2 Mutation Carriers with Cancer Risk and Mortality. JAMA
2010, 304, 967-975.

Couch, FJ; Shimelis, H.; Hu, C; Hart, S.N.; Polley, E.C.; Na, J.; Hallberg, E.; Moore, R.; Thomas, A.; Lilyquist, J.; et al.
Associations between Cancer Predisposition Testing Panel Genes and Breast Cancer. JAMA Oncol. 2017, 3, 1190-1196.

Tung, N.; Battelli, C.; Allen, B.; Kaldate, R.; Bhatnagar, S.; Bowles, K.; Timms, K.; Garber, J.E.; Herold, C.; Ellisen, L.; et al.
Frequency of Mutations in Individuals with Breast Cancer Referred for BRCA1 and BRCA2 Testing Using next-Generation
Sequencing with a 25-Gene Panel. Cancer 2015, 121, 25-33.

Tung, N.; Lin, N.U,; Kidd, J.; Allen, B.A.; Singh, N.; Wenstrup, R.J.; Hartman, A.-R.; Winer, E.P.; Garber, J.E. Frequency of
Germline Mutations in 25 Cancer Susceptibility Genes in a Sequential Series of Patients with Breast Cancer. J. Clin. Oncol. 2016,
34, 1460-1468.

Kurian, A.W_; Hughes, E.; Handorf, E.A.; Gutin, A.; Allen, B.; Hartman, A.-R.; Hall, M.]. Breast and Ovarian Cancer Penetrance
Estimates Derived from Germline Multiple-Gene Sequencing Results in Women. JCO Precis. Oncol. 2017, 1, 1-12.

Ali, RM.M.; McIntosh, S.A.; Savage, K.I. Homologous Recombination Deficiency in Breast Cancer: Implications for Risk, Cancer
Development, and Therapy. Genes Chromosomes Cancer 2021, 60, 358-372.

Nielsen, S.M.; Eccles, D.M.; Romero, I.L.; Al-Mulla, F.; Balmafia, J.; Biancolella, M.; Bslok, R.; Caligo, M. A.; Calvello, M.; Capone,
G.L.; etal. Genetic Testing and Clinical Management Practices for Variants in Non-BRCA1/2 Breast (and Breast/Ovarian) Cancer
Susceptibility Genes: An International Survey by the Evidence-Based Network for the Interpretation of Germline Mutant Alleles
(ENIGMA) Clinical Working Group. JCO Precis. Oncol. 2018, 2, 1. https://doi.org/10.1200/PO.18.00091.

Kurian, A.W_; Ward, K.C.; Howlader, N.; Deapen, D.; Hamilton, A.S.; Mariotto, A.; Miller, D.; Penberthy, L.S.; Katz, S.J. Genetic
Testing and Results in a Population-Based Cohort of Breast Cancer Patients and Ovarian Cancer Patients. J. Clin. Oncol. 2019,
37, 1305-1315.

LaDuca, H.; Polley, E.C.; Yussuf, A.; Hoang, L.; Gutierrez, S.; Hart, S.N.; Yadav, S.; Hu, C.; Na, J.; Goldgar, D.E.; et al. A Clinical
Guide to Hereditary Cancer Panel Testing: Evaluation of Gene-Specific Cancer Associations and Sensitivity of Genetic Testing
Criteria in a Cohort of 165,000 High-Risk Patients. Genet. Med. 2020, 22, 407-415.

National Comprehensive Cancer Network. National Comprehensive Cancer Network Genetic/Familial High-Risk Assessment:
Breast, Ovarian and Pancreatic (version 1.2020). Available online:
https://www.nccn.org/professionals/physician_gls/pdf/genetics_bop.pdf (accessed on 27 March 2020).

Lincoln, S.E.; Kobayashi, Y.; Anderson, M.].; Yang, S.; Desmond, A.J.; Mills, M.A.; Nilsen, G.B.; Jacobs, K.B.; Monzon, F.A,;
Kurian, A.W; et al. A Systematic Comparison of Traditional and Multigene Panel Testing for Hereditary Breast and Ovarian
Cancer Genes in More than 1000 Patients. ]. Mol. Diagn. 2015, 17, 533-544.

Truty, R.; Paul, J.; Kennemer, M.; Lincoln, S.E.; Olivares, E.; Nussbaum, R.L.; Aradhya, S. Prevalence and Properties of Intragenic
Copy-Number Variation in Mendelian Disease Genes. Genet. Med. 2019, 21, 114-123.

Lincoln, S.E.; Hambuch, T.; Zook, J.M.; Bristow, S.L.; Hatchell, K;; Truty, R.; Kennemer, M.; Shirts, B.H.; Fellowes, A,
Chowdhury, S.; et al. One in Seven Pathogenic Variants Can be Challenging to Detect by NGS: An Analysis of 450,000 Patients
with Implications for Clinical Sensitivity and Genetic Test Implementation. Genet. Med. 2021, 23, 1673-1680.
https://doi.org/10.1038/s41436-021-01187-w.

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; 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, 405-424.

Nykamp, K.; Anderson, M.; Powers, M.; Garcia, J.; Herrera, B.; Ho, Y.-Y.; Kobayashi, Y.; Patil, N.; Thusberg, J.; Westbrook, M.;
et al. Sherloc: A Comprehensive Refinement of the ACMG-AMP Variant Classification Criteria. Genet. Med. 2017, 19, 1105-1117.



Cancers 2022, 14, 2426 13 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Else T.; Greenberg, S.; Fishbein, L. Hereditary Paraganglioma-Pheocytoma Syndromes. In GeneReviews®; Adam, M.P.,
Ardingner, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Stephens, K., Amemiya A., Eds.; University of Washington, Seattle:
Seattle, WA, USA, 2008.

National Comprehensive Cancer Network. National Comprehensive Cancer Network Genetc/Familial High-Risk Assessment:

Colorectal (version 3.2019) Available online:
https://www.nccn.org/professionals/physician_gls/pdf/genetics_colon.pdef (accessed on 27 March 2020).

Schultz, K.A.P. ; Williams, G.M.; Kamihara, J.; Stewart, D.R.; Harris, A.K.; Bauer, A.].; Turner, J.; Shah, R.; Schneider, K;
Schneider, K.W.; et al. DICER]1 and Associated Conditions: Identification of At-Risk Individuals and Recommended
Surveillance Strategies. Clin. Cancer Res. 2018, 24, 2251-2261.

Menko, F.H.; Maher, E.R.; Schmidt, L.S.; Middelton, L.A.; Aittoméki, K.; Tomlinson, L; Richard, S.; Linehan, W.M. Hereditary
Leiomyomatosis and Renal Cell Cancer (HLRCC): Renal Cancer Risk, Surveillance and Treatment. Fam. Cancer 2014, 13, 637—

644.

Pithukpakorn, M.; Toro, ].R. Hereditary Leiomyomatosis and Renal Cell Cancer. In GeneReviews®; Adam, M.P., Ardinger, H.H.,
Pagon, R.A., Wallace, S.E., Bean, L.].H., Stephens, K., Amemiya, A., Eds.; University of Washington, Seattle: Seattle, WA, USA,
2006.

Lenders, J.W.M.; Duh, Q.-Y.; Eisenhofer, G.; Gimenez-Roqueplo, A.-P.; Grebe, S.K.G.; Murad, M.H.; Naruse, M.; Pacak, K,;
Young, W.F., Jr; Endocrine Society Pheochromocytoma and Paraganglioma: An Endocrine Society Clinical Practice Guideline.
J. Clin. Endocrinol. Metab. 2014, 99, 1915-1942.

Lefebvre, M.; Foulkes, W.D. Pheochromocytoma and Paraganglioma Syndromes: Genetics and Management Update. Curr.

Oncol. 2014, 21, e8—e17.

Favier, J.; Amar, L.; Gimenez-Roqueplo, A.-P. Paraganglioma and Phaeochromocytoma: From Genetics to Personalized
Medicine. Nat. Rev. Endocrinol. 2015, 11, 101-111.

Cancer of the Breast (Female) —Cancer Stat Facts. Available online: https://seer.cancer.gov/statfacts/html/breast.html (accessed
on 5 January 2022).

Cancer of the Ovary—Cancer Stat Facts. Available online: https://seer.cancer.gov/statfacts/html/ovary.html (accessed on 5
January 2022).

Easton, D.F.; Pharoah, P.D.P.; Antoniou, A.C.; Tischkowitz, M.; Tavtigian, S.V.; Nathanson, K.L.; Devilee, P.; Meindl, A.; Couch,
F.J.; Southey, M.; et al. Gene-Panel Sequencing and the Prediction of Breast-Cancer Risk. N. Engl. |. Med. 2015, 372, 2243-2257.
Tung, N.; Domchek, S.M.; Stadler, Z.; Nathanson, K.L.; Couch, F.; Garber, J.E.; Offit, K.; Robson, M.E. Counselling Framework
for Moderate-Penetrance Cancer-Susceptibility Mutations. Nat. Rev. Clin. Oncol. 2016, 13, 581-588.

Dominguez-Valentin, M.; Sampson, J.R.; Seppéld, T.T.; Ten Broeke, S.W.; Plazzer, J.-P.; Nakken, S.; Engel, C.; Aretz, S.; Jenkins,
M.A.; Sunde, L.; et al. Cancer Risks by Gene, Age, and Gender in 6350 Carriers of Pathogenic Mismatch Repair Variants:
Findings from the Prospective Lynch Syndrome Database. Genet. Med. 2020, 22, 15-25.

Hu, C; Hart, S.N.; Gnanaolivu, R.; Huang, H.; Lee, K.Y.; Na, J.; Gao, C.; Lilyquist, J.; Yadav, S.; Boddicker, N.J.; et al. A
Population-Based Study of Genes Previously Implicated in Breast Cancer. N. Engl. ]. Med. 2021, 384, 440-451.

Breast Cancer Association Consortium; Dorling, L.; Carvalho, S.; Allen, J.; Gonzalez-Neira, A.; Luccarini, C.; Wahlstrom, C.;
Pooley, K.A.; Parsons, M.T.; Fortuno, C.; et al. Breast Cancer Risk Genes— Association Analysis in More than 113,000 Women.
N. Engl. ]. Med. 2021, 384, 428-439.

Phillips, K.-A.; Jenkins, M.A.; Lindeman, G.J.; McLachlan, S.A.; McKinley, ].M.; Weideman, P.C.; Hopper, ].L.; Friedlander, M.L.;
kConFab Investigators Risk-Reducing Surgery, Screening and Chemoprevention Practices of BRCA1 and BRCA2 Mutation
Carriers: A Prospective Cohort Study. Clin. Genet. 2006, 70, 198-206.

Padamsee, T.J.; Wills, C.E.; Yee, L.D.; Paskett, E.D. Decision Making for Breast Cancer Prevention among Women at Elevated
Risk. Breast Cancer Res. 2017, 19, 34.

Paquet, L.; Simmonds, L.; Yang, C.; Verma, S. An Exploratory Study of Patients” Views about Being at High-Risk for Breast
Cancer and Risk Management Beliefs and Intentions, before and after Risk Counselling: Preliminary Evidence of the Influence
of Beliefs on Post-Counselling Prevention Intentions. Patient Educ. Couns. 2017, 100, 575-582.

Hao, J.; Hassen, D.; Manickam, K.; Murray, M.F.; Hartzel, D.N.; Hu, Y.; Liu, K;; Rahm, A K.; Williams, M.S.; Lazzeri, A.; et al.
Healthcare Utilization and Costs after Receiving a Positive BRCA1/2 Result from a Genomic Screening Program. . Pers. Med.
2020, 10, 7. https://doi.org/10.3390/jpm10010007.

Heikkinen, K.; Karppinen, S.-M.; Soini, Y.; Makinen, M.; Winqvist, R. Mutation Screening of Mrell Complex Genes: Indication
of RAD50 Involvement in Breast and Ovarian Cancer Susceptibility. . Med. Genet. 2003, 40, e131.

Daly, M.B.; Pal, T.; Berry, M.P.; Buys, S.S.; Dickson, P.; Domchek, S.M.; Elkhanany, A.; Friedman, S.; Goggins, M.; Hutton, M.L.;
et al. Genetic/familial High-Risk Assessment: Breast, Ovarian, and Pancreatic, Version 2.2021, NCCN Clinical Practice
Guidelines in Oncology. J. Natl. Compr. Canc. Netw. 2021, 19, 77-102.

Manahan, E.R.; Kuerer, H.M,; Sebastian, M.; Hughes, K.S.; Boughey, J.C.; Euhus, D.M.; Boolbol, S.K.; Taylor, W.A. Consensus
Guidelines on Genetic Testing for Hereditary Breast Cancer from the American Society of Breast Surgeons. Ann. Surg. Oncol.
2019, 26, 3025-3031.



