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Methods: Men prospectively enrolled in the Canary Prostate Active Surveillance
Study (PASS) were retrospectively sampled for the study. Germline DNA was se-
quenced utilizing a hereditary cancer gene panel. Mutations were classified ac-
cording to the American College of Clinical Genetics and Genomics' guidelines.
The association of pathogenic germline mutations with grade reclassification
and adverse characteristics was evaluated by weighted Cox proportional hazards
modeling and conditional logistic regression, respectively.

Results: Overall, 29 of 437 (6.6%) study participants harbored a pathogenic ger-
mline mutation of which 19 occurred in a gene involved in DNA repair (4.3%).
Eight participants (1.8%) had pathogenic germline mutations in three genes asso-
ciated with aggressive PC: ATM, BRCA1, and BRCA2. The presence of pathogenic
germline mutations in DNA repair genes did not associate with adverse charac-
teristics (univariate analysis HR = 0.87, 95% CI: 0.36-2.06, p = 0.7). The carrier
rates of pathogenic germline mutations in ATM, BRCA1, and BRCA2did not differ
in men with or without grade reclassification (1.9% vs. 1.8%).

Conclusion: The frequency of pathogenic germline mutations in penetrant can-
cer predisposition genes is extremely low in men with PC undergoing active sur-
veillance and pathogenic germline mutations had no apparent association with
grade reclassification or adverse characteristics.

KEYWORDS

1 | INTRODUCTION

An increasing number of men initially diagnosed with
low-risk prostate cancer (PC) are now managed using ac-
tive surveillance (AS)' whereby patients undergo periodic
reassessments of laboratory, biopsy, and imaging studies
designed to evaluate changes in tumor characteristics that
may warrant curative intervention. While AS comprises a
standard of care pathway adopted by national guidelines,
the variable natural history of cancers initially considered
low-risk in addition to the limitations of prostate biopsy
that may under-sample the presence of aggressive PC,
remain concerns that influence treatment choice.” To
address this issue, biomarkers capable of providing more
individualized assessments of clinical outcomes have
been actively sought.>™

In addition to features measured directly from tumors,
host characteristics, such as pathogenic germline mu-
tations, can also serve as biomarkers that associate with
cancer outcomes in a number of malignancies.6 In PC,
pathogenic germline mutations in highly penetrant can-
cer predisposition genes have been associated with poor
disease-specific outcomes. For example, compared to men
with localized PC, men with metastatic PC have higher
rates of pathogenic germline mutations, particularly in

active surveillance, adverse pathology, germline mutations, prostate cancer

DNA repair genes (DRGs), indicating that heritable alter-
ations in DNA repair pathways contribute to aggressive
behavior.” Specifically, pathogenic germline mutations in
BRCA?2 are associated with higher risk PC at diagnosis and
subsequent adverse outcomes.®’

In this study, our objectives were to determine the
prevalence of pathogenic germline mutations comprising
a panel of penetrant cancer predisposition genes in men
with low-risk PC initially managed with AS and to de-
termine if these mutations were associated with adverse
characteristics in men who were treated after initial sur-
veillance or with biopsy reclassification during AS.

2 | METHODS
2.1 | Study population

The Canary Prostate Active Surveillance Study (PASS;
clinicaltrials.gov NCT00756665) is a multi-center cohort
enrolling men who select AS to manage localized PC and
who provide informed consent to use specimens and clini-
cal data for research under institutional review board su-
pervision.lo’11 In PASS, PSA is measured every 3 months,
clinical exams occur every 6 months, and prostate biopsies
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are performed 6-12, 24, 48, and 72 months post diagno-
sis.'! Specimens, including peripheral blood from which
DNA was isolated, were collected at enrollment and study
visits every 6 months.

2.2 | Study design

Since mutations in penetrant cancer predisposition genes
such as BRCA2 are associated with adverse PC outcomes,
for our primary analysis we specifically included PASS
participants with available blood samples that developed
the most adverse characteristics subsequent to study entry
(n = 170). Adverse characteristics were defined as adverse
pathology (AP; >GG3, >pT3a, or N1) at radical prostatec-
tomy (RP); biochemical recurrence (BCR) after primary
therapy (PSA >0.2 ng/ml on two measurements after RP,
PSA > Nadir+2.0 after radiation, or initiation of salvage
treatment in the setting of elevated PSA); or confirmed
metastases. To accommodate a prospective cohort with
censored failure time outcome, a nested case-control de-
sign (NCC) was utilized for the time-to-event outcome.'>"?
All samples with the presence of adverse characteristics
by the data extraction date of April 2019 were selected as
cases, and two controls were randomly selected from a set
of patients who had no evidence of adverse characteris-
tics at time of matching (matched based on time since ini-
tial PC diagnosis). The NCC comprises two key features:
Feature 1 - it is possible that one sample may serve as a
control multiple times based on matching criteria; Feature
2 - it is possible a sample utilized as a control at an earlier
timepoint will become a case at a later timepoint due to
the development of an adverse characteristic (Figure S1).
Based on these features, the number of patients with no
evidence of adverse characteristics is less than twice the
number of patients with adverse characteristics in the
study (N = 268 vs. N = 169). Secondary endpoints of only
BCR and/or metastasis (METS) or of biopsy grade reclas-
sification (upgrading) during AS were also assessed.

2.3 | Specimen preparation and germline
DNAmutation analysis

DNA was isolated from peripheral blood drawn at time
of enrollment into Canary PASS utilizing the Qiagen 5
DNA extraction kits (Qiagen) acchording to the man-
ufacturer's instructions. DNA was quantified by the
NanoDrop™ 2000 and 50ng/pl of DNA in a final vol-
ume of 20l was plated into BioRad Hard-shell 96-well
plates. DNA sequencing was performed on all exons of
30 genes associated with cancer predisposition (Table S1)
by capture-based next-generation sequencing (NGS) by

Color Genomics.'* Nucleotide variants were classified as
“pathogenic,” “likely pathogenic,” or “variant of uncer-
tain significance” (VUS) based on the American College of
Medical Genomics classification system,'® independently
verified (C.C.P.) and sub-grouped into genes involved in
overall DNA repair and DNA double-strand break (DSB)
repair (Table S2). Three samples failed quality control
testing (n = 2 without adverse characteristics, n = 1 with
adverse characteristics) and were excluded, resulting in
437 men in the analysis.

2.4 | Statistical analysis

Descriptive statistics (median, inter-quartile range (IQR)
for continuous variables and count (%) for categorical var-
iables) were utilized to determine baseline characteristics
and enumerate mutation calls, both for patients who did
and did not develop adverse characteristics, and for those
who did and did not undergo adverse reclassification at a
surveillance biopsy. The study was powered (80%) to de-
tect three times higher risk of being a case for men carrying
a pathogenic mutation, assuming a pathogenic mutation
rate among cases of 7%. To evaluate the association of
mutations with progression to adverse characteristics in
cases and controls selected using an NCC study design,
the weighted Cox proportional hazards regression was
used." The study was designed to detect differences in the
frequency of pathogenic mutations between patients with
and without adverse characteristics as an aggregate of all
pathogenic mutations. Further, mutations in individual
DNA-repair genes were interrogated to ascertain differ-
ences in the presence of pathogenic mutations between
groups. Univariate hazard ratios (HR) were determined
for single or grouped gene mutations. Multivariable re-
gression models included log PSA density, which has pre-
viously been shown to be associated with AP,'® and GG at
diagnosis, and race. Secondary analyses were conducted
to evaluate the association of mutations with time to de-
velopment of BCR and/or METS; participants without
BCR or METS were censored at date of last study con-
tact. All analyses were conducted using R version 3.5.2
(www.r-project.org).

3 | RESULTS

3.1 | Patient characteristics

This study included 169 men who developed an adverse
characteristic after initial AS and 268 men with no evi-
dence of adverse characteristics (Figure 1, Table 1 and
Table S3). The cases with adverse characteristics included
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Men diagnosed with early stage
PC enrolled in Canary PASS*
N = 1509
Follow-up with regular biopsies, PSA,
clinic exams
'
Treated, Treated, Biopsy No biopsy
after biopsy without biopsy reclassification, reclassification,
reclassification reclassification remain on AS remain on AS
N =370 N =182 N =150 N = 807
T T
ADT RP —no AP RP - AP Radiation
N =20 N =161 N = 145** N =213
Other |
N=13
l PSA I BCR PA \MBeR ] | 8 BCR
remains remains remains -
N=14 N =28 N=9
No evidence of || <0.2 <0.2 low
recrrence |_l
\ 4
Met Met Met
N=6 N=3 N=1

FIGURE 1 Cancer prostate cancer active surveillance study participant characteristics. cases (in bold font; N = 169) in the Canary
PASS cohort that developed adverse characteristics after initial active surveillance. Controls (N = 268) with no adverse characteristics were
matched to cases at the time of the earliest event. RP = radical prostatectomy; AP = adverse pathology; BRC = biochemical recurrence;
Met = metastasis. *244 participants with insufficient germline DNA available were excluded prior to selection. **4 AP cases included pN1, 1
which subsequently recurred. The 3 pN1 that did not recur were included in secondary endpoint of recurrence and/or metastasis (N = 55)

10 whose cancer metastasized and 42 whose cancer re-
curred after treatment with no current evidence of metas-
tasis; the remaining 117 had AP at RP with no evidence of
recurrence. The 437 participants had a median follow-up
of 7.2 (IQR 5.2-9.3) years and were predominately diag-
nosed with biopsy Gleason Grade Group (GG) 1 (91%) and
clinical stage T1 (87%) cancer (Table 1). The participants
were primarily White (91%) with 5% self-identified as
Black and 4% comprising other racial groups. Thirty per-
cent and 32% with and without an adverse characteristic,
respectively, had a 1st degree relative with a history of PC.

3.2 | Pathogenic and likely pathogenic
germline mutations in cancer
predisposition genes

Overall, 148 mutations were detected in 22 genes in 123
participants (Table 2). Of these, 32 mutations in 8 genes
in 29 of the 437 (6.6%) study participants were classified
as pathogenic: MUTYH (n = 11), CHEK2 (n = 10), ATM
(n = 3), BAPI (n = 1), BRCA2 (n = 3), BRCAI (n = 2),
BRIP1 (n = 1), and PMS2 (n = 1) (Data S1). The muta-
tions detected in MUTYH, APC, and MITF are common
germline variants that are likely to be incidental findings.

Pathogenic germline mutations in genes involved in
DNA damage repair processes (DRGs), predominantly
DSB repair were identified in 19 (4.3%) participants
(Table 2). Ten men harbored pathogenic germline muta-
tions in checkpoint kinase 2 (CHEK2), two of which were
CHEK2*1100del which is a frequently occurring low
penetrance variant found predominantly in individuals
of Eastern and Northern European descent,'” and four
of which were p.I157T another common low penetrance
variant.” Pathogenic mutations in BRCAI and BRCA2
were identified in two (0.5%) and three (0.7%) participants,
respectively, and three participants harbored pathogenic
germline mutations in Ataxia-Telangiectasia Mutated
gene (ATM) (0.7%). Pathogenic germline mutations in the
BRCAL1 associated protein 1 (BAP1) gene and BRCAI in-
teracting protein C-terminal helicase 1 (BRIP1) were each
found in one participant.

Collectively, there was no association between the
prevalence of germline mutations in men with an adverse
characteristic versus those without an adverse character-
istic when including all mutations or specifically those
classified as a pathogenic germline mutation (Table 2).
The overall prevalence of pathogenic germline muta-
tions did not differ between men with (5.1%) or without
(7.3%) a first degree relative with PC. All of the pathogenic
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Adverse No adverse
characteristic characteristic
N =169 N = 268
Age, years 63 (57-66) 62 (58-67)
Race
Black 8 (5%) 14 (5%)
White 152 (90%) 244 (91%)
Other 9 (5%) 10 (4%)
Gleason group
Group 1 149 (88%) 249 (93%)
Group 2 19 (11%) 16 (6%)
Group 3 1(1%) 3(1%)
% Positive cores 13.4 (8.3-20.2) 8.3(8.3-16.7)
PSA, ng/ml 5(4.2-6.4) 4.8 (3.6-6.5)

Prostate size, cm’

34.5 (26.7-47.4)

41.1 (30.1-56.2)

PSA density 0.14 (0.1-0.19) 0.11 (0.08-0.15)
Clinical T-stage

T1 144 (85%) 235 (38%)

T2a 25 (15%) 31 (12%)

T2b 0(0%) 2 (<1%)
BMI 27.3 (24.7-29.8) 27(24.7-30.2)
1st degree relative with PC 51 (30%) 86 (32%)
Total follow-up, years 6.7 (4.4-9) 7.5(5.5-9.5)

# Surveillance biopsy 2(1-2) 3(2-3)
Grade reclassification 132 (78%) 81 (30%)
Treatment 168 (99%) 74 (28%)
Radical prostatectomy 159 (94%) 29 (11%)
Radiation 9 (5%) 38 (14%)
ADT 0(0%) 4(1%)

Other 0 (0%) 3(1%)

Total study
population
N =437

62 (58-66)

22 (5%)
396 (91%)
19 (4%)

398 (91%)
35 (8%)
4(1%)
10 (8.3-16.7)
4.9 (3.9-6.5)
39 (28-53.4)
0.12 (0.09-0.17)

379 (87%)
56 (13%)
2 (<1%)
27.1 (24.7-30)
137 (31%)
7.2(5.2-9.3)
2(1-3)
213 (49%)
243 (56%)
187 (43%)
49 (11%)
4(1%)
3 (1%)

Note: Data are summarized as counts (%) for categorical variables and median (IQR) for continuous

variables.

Abbreviations: BMI, body mass index, PC, Prostate cancer, Race, other (1 American Indian or Alaska
Native, 13 Asian, 1 Native Hawaiian or other Pacific Islander, 1 other, and 3 unknown/prefer not to

answer).

TABLE 1 Characteristics of the study

cohort at initial diagnosis

germline mutations were identified in White men, but the
low representation of other ancestries precluded mean-
ingful comparisons.

3.3 | Risk of adverse prostate cancer
characteristics in men with DNArepair
gene mutations

The frequency of pathogenic germline DRG mutations
was similar in men who developed adverse characteris-
tics (n = 7 of 169; 4.1%) and those who did not (n = 12 of
268; 4.5%) (Table 2). Similar results were observed in the

individual genes or when VUS was included (16% in men
with an adverse characteristic, 20% of men without an
adverse characteristic). Having a pathogenic DRG muta-
tion was not associated with development of adverse char-
acteristics, either in univariate analysis (HR = 0.87, 95%
CIL: 0.36-2.06, p = 0.7), or when adjusted for PSA density,
GG at diagnosis, and race (HR = 0.73; 95% CI: 0.29-1.86,
p = 0.5) (Table 3). Similar results were found for BRCAI,
BRCA2, ATM combined, and CHEKZ individually, and re-
sults did not change when VUS was included (Table 3).
There were 55 cases in which BCR and/or METS de-
veloped. Secondary analyses were performed to evaluate
the association of mutations with the composite of these
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TABLE 2 Frequency of germline cancer predisposition mutations in men on AS who developed adverse characteristics and those who

did not. Pathogenic mutations are listed unless otherwise noted

Adverse characteristic

N =169N (%)

All mutations incl. Likely and VUS 45 (26.6%)
Pathogenic mutation 11 (6.5%)
DNA damage repair gene 7(4.1%)
DNA damage repair gene, including VUS 27 (16%)
Double strand break repair gene 7 (4.1%)
BRCA1 0 (0%)
BRCA2 1(0.6%)
ATM 0 (0%)
CHEK2 5(3%)
BRCA1/2/ATM 1(0.6%)

No adverse characteristic Total study population
N = 268N (%) N = 437N (%)
78 (29.1%) 123 (28.1%)

18 (6.7%) 29 (6.6%)

12 (4.5%) 19 (4.3%)

54 (20.1%) 81 (18.5%)

11 (4.1%) 18 (4.1%)
2(0.7%) 2(0.5%)
2(0.7%) 3(0.7%)
3(1.1%) 3(0.7%)
5(1.9%) 10 (2.3%)

7 (2.6%) 8 (1.8%)

Abbreviations: Incl. likely, Including likely pathogenic mutation; VUS, Variant of uncertain significance.

TABLE 3 Association of pathogenic germline mutations with development of adverse characteristics

Univariate hazard ratio Univariate Multivariate hazard ratio Multivariate
(95% CI) p-value (95% CI) p-value
DNA damage repair gene 0.87(0.36-2.06) 0.7 0.73 (0.29-1.86) 0.5
Double strand break repair 0.94 (0.39-2.26) 0.9 0.81 (0.31-2.08) 0.7
gene
CHEK2 1.43 (0.48-4.28) 0.5 1.48 (0.47-4.67) 0.5
BRCA1/2/ATM 0.23 (0.03-1.8) 0.16 0.18 (0.02-1.44) 0.11

Note: Multivariate analysis adjusted for log PSA density, GG at diagnosis, and race.

Abbreviation: CI, confidence interval.

endpoints. Pathogenic germline mutations in DRGs were
found in 4 of 55 (7.3%) cases with BCR and/or METS, and
in 15 of 372 (4.0%) men with no current evidence of BCR or
Mets (Table S4). The presence of mutations was not signifi-
cantly associated with development of recurrence or metas-
tasis (univariate HR = 1.49, 95% CI: 0.5-4.44, p = 0.5).

3.4 | Risk of adverse grade reclassification
during active surveillance and germline
mutations in cancer predisposition genes

Of the 437 men comprising the study population, 213
(49%) had adverse grade reclassification on a surveil-
lance prostate biopsy. The frequency of a pathogenic
germline mutation in the 30 cancer predisposition genes
evaluated did not differ substantially between men with
or without grade reclassification (5.4% versus 8.0%).
The frequency of pathogenic germline mutations in the
BRCAI, BRCA2, and ATM gene triad did not differ in
men with grade reclassification compared to those with-
out: 4 of 213 (1.9%) versus 4 of 224 (1.8%), respectively,
and the results were similar when including VUS in

these genes (Table 4). When considering the collective
group of genes involved in DNA DSB repair no signifi-
cant difference in the pathogenic germline mutations
prevalence between men with and without grade reclas-
sification was observed: 12 of 213; 5.6% versus 6 of 224;
2.7%, respectively, and this did not differ when includ-
ing all VUS in these genes (Table 4).

4 | DISCUSSION

In this study, we sought to determine if inherited muta-
tions in genes associated with cancer predisposition, in-
cluding a subset involved in DNA repair processes, are
associated with the aggressive biological behavior of PC in
men on AS - as determined by adverse grade reclassifica-
tion while on AS, adverse pathology at the time of defini-
tive treatment, or recurrence after treatment. Notably, the
frequency of pathogenic mutations in DNA repair genes
was low in our cohort: a total of 19 men (4.3%) men har-
bored a pathogenic mutation in any DNA repair gene, but
10 of these were in CHEK2, a gene with unclear associa-
tions with aggressive PC.'*1°
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Grade reclassification

N = 213N (%)

All mutations including VUS 65 (30.5%)
Pathogenic mutation 17 (8%)

DNA damage repair gene 13 (6.1%)
DNA DSB repair gene 12 (5.6%)
BRCA1 1(0.5%)
BRCA2 2(0.9%)
ATM 1(0.5%)
CHEK2 7 (3.3%)
BRCA1/2/ATM 4(1.9%)

TABLE 4 Frequency of germline
cancer predisposition mutations in men
with and without grade reclassification.
Pathogenic mutations are listed unless
58 (25.9%) otherwise noted
12 (5.4%)

6 (2.7%)

6 (2.7%)

1(0.4%)

1(0.4%)

2(0.9%)

3(1.3%)

4 (1.8%)

No grade
reclassification
N = 224N (%)

Abbreviations: Incl. likely, Including likely pathogenic mutation; VUS, Variant of uncertain significance.

The present cohort included participants with GG2
and GG3 disease, which may suggest the rate of patho-
genic germline mutations would be even lower in a co-
hort comprised of only GG1 disease. Eight men (1.8%)
carried a mutation in BRCAI, BRCA2, or ATM, of which
only one occurred in the cohort with an adverse charac-
teristic. As there are few prior reports of mutation fre-
quencies in low-risk patients using AS, we hypothesized
that the most aggressive cases in the cohort undergoing
AS would harbor a higher frequency of pathogenic mu-
tations, and thus the present study was designed such
that if pathogenic mutations were present in 7% of cases
and 2% of controls, there would be an 80% power to de-
tect the difference. Our finding of 1.8% of participants
harboring a pathogenic mutation in BRCA1/2 or ATM is
similar to that of 2.1% recently reported by Carter et al. in
their cohort of patients enrolled in AS.** Notably, only 3
men (0.7%) carried a pathogenic germline BRCA2 muta-
tion of which one had adverse reclassification on biopsy
and two did not. These findings are consistent with a
prospective study of 18 germline DNA repair gene muta-
tion carriers (n = 6 BRCA2 carriers) diagnosed with PC
and selecting AS.*" All 18 were classified as GG1 with
Gleason 3 + 3 histology and 80% were free from upgrad-
ing or radical treatment at a median of 28 months (IQR
8.5-42 months).

Mutations in homologous recombination DRGs have
been associated with adverse pathological features at di-
agnosis such as ductal carcinoma and higher Gleason pat-
terns.?>?* Thus, an explanation for our low rate of DNA
repair mutations could be that individuals with such mu-
tations will generally exhibit histology indicative of higher
risk PC and be counseled against AS, and thus comprise
a very small proportion of a rigorously selected AS pop-
ulation. Further, though germline mutations in DNA
repair-related genes predispose an individual to cancer,
the pathway to neoplasia generally requires loss of the

second functional copy of the gene affected. In the set-
ting of a very common malignancy such as PC, cancers
in mutation carriers may arise through other oncogenic
mechanisms, maintaining a wild-type copy of the alter-
nate allele, and consequently not manifest an aggressive
phenotype that would occur if the cancer developed as a
consequence of inactivating the second functional copy of
the gene altered in the germline.

Previous reports that examined the association of DNA
repair germline mutation and outcomes on AS are conflict-
ing. The aforementioned study from Carter et al reported
that germline mutations in ATM, BRCA1, and BRCA2
are associated with adverse biopsy grade reclassification
in men on AS.”® Of 1211 men studied, 26 (2.1%) had a
pathogenic mutation in one of these three genes. When
considered as a 3-gene panel, carriers were more likely to
have a reclassification event: HR = 1.96 (95% CI 1.004-
3.84, p = 0.04). Individually neither ATM nor BRCA1 were
associated with adverse reclassification, whereas BRCA2
alone had an adjusted HR of 2.74 (95% CI = 1.26-5.96), in-
dicating that the major contributor to this gene panel was
BRCA2. Notably, as in our present study, the frequency
of germline BRCA2 mutations was very low at 0.9%, and
of the 11 BRCA2 mutation carriers, 5 did not experience
grade reclassification.?® Further, Halstuch et al reported
that, with relatively limited follow-up, AS was a feasible
strategy for men with low-risk PC who were carriers of
DNA-repair gene mutations.”

There are limitations associated with this study. The
lack of information as to the somatic mutation status of
the inherited wild-type allele, or genomic alterations re-
flecting DNA repair deficiency, limits mechanistic con-
clusions about the direct role of an inherited mutation
driving individual cancer trajectories. The sample size
is relatively small relative to the frequency of rare pene-
trant mutations in the population. The study population
has limited diversity with respect to ancestry precluding
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conclusions generalizing the findings across populations.
The use of adverse characteristics or grade reclassification
as intermediate endpoints have known misclassification
and may not reflect long-term disease trajectories and out-
comes. Central pathology review of the biopsy slides from
participants involved in this study is currently underway
and may form the premise for future studies to evaluate a
correlation between histology patterns and germline aber-
rations in men on AS.

5 | CONCLUSIONS

Our study found a very low frequency of pathogenic ger-
mline mutations in genes involved in DNA repair in a
population of men with a diagnosis of PC meeting criteria
for AS. Although this low frequency must be taken into
consideration when interpreting the data, no apparent as-
sociation between germline mutation status and adverse
clinical or pathological features was identified. These data
do not support routine germline testing for men with a
favorable risk of prostate cancer in the absence of other
risk factors.
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