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ABSTRACT:

Background: Mutations of the BRCA2 gene are the most frequent alterations found in germline DNA

from men with prostate cancer (PrCa), but clinical parameters that could better orientate for BRCA2

mutation screening need to be established.

Methods: Germline DNA from 325 PrCa patients (median age at diagnosis: 57 years old) was

screened for BRCA2 mutation. The mutation frequency was compared between three subgroups:

patients with an age at diagnosis at 55 years old and under (Group |); a personal or family history of

breast, uterine or ovarian cancer (Group Il); or a metastatic disease (Group Ill). Frequency of BRCA2

mutations was established for each combination of phenotypes, and compared between patients

meeting or not the criteria for each subgroup using Fisher’s exact test. Mutual information, direct

effect, elasticity and contribution to the mutational status of each phenotype, taking into account

overlap between subgroups, were also estimated using Bayesian algorithms.

Results: The proportion of BRCA2 mutation was 5.9% in Group |, 10.9% in Group Il and 6.9% in Group

lll. The frequency of BRCA2 mutation was significantly higher among patients of Group Il (P=0.006),

and reached 15.6% among patients of this group who presented a metastatic disease. Mutual

information, direct effect, elasticity and contribution to the mutational status were the highest for

phenotype Il. Fifteen (71.4%) of the 21 BRCA2 mutation carriers had an aggressive form of the

disease. Four (19%) of them died from PrCa after a median follow-up duration of 64.5 months.

Conclusions: Our results showed that a higher frequency of BRCA2 mutation carriers is observed, not

only among PrCa patients with young onset or a metastatic disease, but also with a personal or a

familial history of breast cancer.



INTRODUCTION

BRCA2 is a tumor suppressor gene which plays an important role in the repair of double-strand DNA
breaks by homologous recombination, and is mutated in early onset breast cancer (BrCa) families.!
About 69% of women with a BRCA2 mutation will develop BrCa by the age of 80, and 17% will
develop an ovarian cancer (OvCa).” BRCA2 mutation carriers also show an increased risk of prostate
cancer (PrCa) (RR = 4.65; 95% Cl = 3.48-6.22).2

Following report of clustering of BrCa and PrCa in BRCA2 positive families, Gayther et al.*
screened this gene in 38 patients with a family history of PrCa, and found that these mutations
accounted for about 5% of them. On their side, Edwards et al. reported that 2.3% of patients
diagnosed before 56 years old who were unselected for family history had a germline BRCA2
mutation.” In a larger study, the prevalence of BRCA2 mutations was 1.2% in PrCa men with an age at
onset <65, and no mutation was observed in 243 patients with a family history of PrCa but
diagnosed after 65 years old.® More recently, germline DNA samples from 191 men with 3 or more
PrCa cases in their family were sequenced for 22 genes involved in DNA-repair pathway and BRCA2
mutations were found as the most frequent event, accounting for 2.1% of the patients.’

BRCA2 mutations were also observed in 5.3% of 692 metastatic PrCa men, and were the
most frequent ones (44%) from the 20 analysed DNA-repair genes.> The same percentage of
germline BRCA2 mutation was observed in metastatic castration-resistant PrCa patients.9 Moreover,
the metastatic patients who carry those mutations have been reported to exhibit attenuated or
similar responses to standard hormonal therapy™ or taxanes'!, but to respond better to next

12,13

generation hormonal therapies and to inhibitors of the poly(adenosine diphosphate [ADP]-



ribose) polymerases (PARPs).* One of these PARP inhibitors, Lynparza™ (olaparib) has been granted
breakthrough therapy designation by the U.S. Food and Drug Administration for monotherapy
treatment of BRCA1/BRCA2 or ATM mutated metastatic castration-resistant PrCa patients who have
received a prior taxane-based chemotherapy and at least one newer hormonal therapy.

Based on all these evidence, the latest National Comprehensive Cancer Network (NCCN)
guidelines recommend the germline genetic screening of a panel of DNA-repair gene, including
BRCA2, in PrCa men that meet one of the following criteria: (1) High risk, very high risk, regional or
metastatic PrCa regardless of family history, (2) a Ashkenazy Jewish origin, (3) a family history of
high-risk germline mutation (eg BRCA1/2, Lynch mutation) and (4) a positive family history of cancer
(consisting of a brother or father or multiple family members who were diagnosed with PrCa with an
ISUP >1 at less than 60 years of age or who died from PrCa, or 23 cancers on the same side of family,
especially diagnosed <50 years of age: bile duct, breast, colorectal, endometrial, gastric, kidney,
melanoma, ovarian, pancreatic, prostate with an ISUP >1, small bowel or urothelial cancer).15

However, Nicolosi et al. *®

reported that 37% of PrCa patients who were found positive for a
mutation of one of 13 DNA- repair genes or HOXB13 would not have been approved for genetic
testing using these guidelines. Similarly, the Philadelphia Prostate Cancer Consensus Conference
2019 recommended germline testing of DNA-repair genes in case of metastatic PrCa or of family
history suggestive of hereditary PrCa, but in contrast, a moderate consensus was garnered for
additional family history and pathologic criteria."’ In order to refine clinical parameters that could

better orientate for BRCA2 screening, we evaluated the frequency of BRCA2 mutation among

subgroups of a cohort of PrCa patients selected on three different phenotypes: (I) an early age at



onset, (ll) a personal or family history of breast (Br), uterine (Ut) or ovarian (Ov) cancer, and (lll) a
metastatic disease. Moreover, using a Bayesian predictive model that takes into account the
potential interactions between data, we established the direct effect and the contribution to the

mutation status of these three phenotypes.

MATERIAL AND METHODS

Study population

Patients of this study were participants of the PROGENE study, '® which has been approved by the
CCP lle de France IV (IRB: 00003835), and have all provided written informed consent. They were
selected based on one of the following three phenotypes: (1) diagnosed at 55 years old and under, (ll)
a personal history of BrCa and/or a first-degree relative with breast, uterine or ovarian cancer, or (ll1)
metastatic PrCa. Family history of PrCa was considered as positive when the patient had a first-

degree relative with PrCa.

BRCA2 mutation screening

Germline DNA was extracted from blood or saliva using standardized protocols. For most of the
patients, the full coding sequence and exon—intron junctions of the BRCA2 gene were screened for
mutation (including for larger insertion or deletion), based on prescreening (DGGE, SSCP, PTA, dHPLC,
HRM or EMMA) and sequencing.19 For the most recent samples, targeted next generation sequencing

encompassing the full coding sequence of BRCA2 was performed.



Statistics

Comparison of frequency of BRCA2 mutations in patients meeting or not the criteria of each
subgroup, according to family history of PrCa, or ethnicity was performed either using Fisher’s exact
test or Chi square test, using XLSTAT (Addinsoft, Paris, France). The predictive value of each
phenotype was also analyzed using a Bayesian approach®. As the three clinical subgroups (I, I, and
[Il) overlap, as often in real life where interactions between data are usual, we used a causal search
algorithm. To understand how probability of mutational status was dependent on the variability of
phenotype, mutual information, direct effect, elasticity and contribution to the mutational positive
status were computed for each phenotype (I, Il and IIl). These tools measure the responsiveness of
one variable to changes in another, by analyzing both linear and non-linear dependencies, and
provide a ranking of input variables based on their relative contributions to variability and mutual
dependence (mutual information) of the evaluated results. It is typically used to rank the significant
factors contributing to risk. Direct effects and elasticity are calculated from the percentage change in
risk (y) divided by the percentage change in each input variable (x) according to the formulas: Direct
effect =dy/dx and Elasticity = [dy/(maxy-miny)] / [dx/(maxx-minx)]. Direct effect (measure of the
effect of each variable on the target state, by controlling others) was estimated, using Minimum
cross-entropy (MinxEnt) algorithm?®, by slightly increasing the expected value of the driver while
holding fixed the probability distributions of all other groups, and measuring the effect on the
expected value of the mutational positive status. The analysis can be considered direct because all

marginal probability distributions were held fixed, except those of all other groups. All Bayesian



network analyses were performed with the Artificial Intelligence software BayesialLab-9 (Bayesia SAS,

Changé, France).

RESULTS

The characteristics of the 325 PrCa patients (median age at diagnosis: 57 years old) selected for this
study are presented in Table 1. Among them, 152 (46.8%) had an age at diagnosis at 55 years old and
under (Group 1), 137 (42.2%) had a personal history of BrCa or a first degree with BrCa, UtCa or OvCa
(Group I1), and 130 (40.0%) were metastatic patients (Group lll). Eighty-six patients (26.5%) met at
least two of the selection phenotypes: 38 (11.7%) those of Groups | and Il, 32 (8.7%) those of Groups
Il and Ill, and lastly, 32 (8.7%) those of Groups | and Ill. Eight (2.5%) patient met all the three criteria.
Among the 325 PrCa patients, a germline BRCA2 mutation was found in 21 (6.5%). The observed
proportion of BRCA2 mutations was 5.9% (9/152) in Group |, 10.9% (15/137) in Group |l and 6.9%
(9/130) in Group lll. The frequency of BRCA2 mutation carriers was significantly higher among the
patients from Group Il (P=0.006), and reached 15.6% (5/32) among the ones who were also
metastatic. The frequency of the BRCA2 mutation for the different combinations of phenotypes is
shown in Table 2.

As the three clinical subgroups (1, Il, and 1) overlap, we used a Bayesian causal inference in order to
estimate the contribution (weight) of each phenotype independently to others. Bayesian analysis is
an ideal method for including data in a probabilistic model. It guarantees a consistent probabilistic
computation of uncertainty particularly for the prediction of rare events. Using these Bayesian

approaches®, we found that mutual information (0.03%, 1.7%, 0.02% for phenotype |, Il and lIl,



respectively) (Figure 1), direct effect (0.05%, 0.1%, 0.06% for phenotype I, Il and lll, respectively)

(Figure 2), and elasticity (4.6%, 10.9%, 5.8% for phenotype I, Il and IlIl, respectively), for the

mutational positive status were all higher for phenotype Il than for the two other ones (Figure 2). So,

contribution towards the predicted mean of the positive mutational status, according the direct

effect of phenotype observed in each group, was 22%, 51% and 27% for phenotype |, Il and I,

respectively. Among the 8 patients who presented both male BrCa and PrCa, two (25%) carried a

BRCA2 mutation. The frequency of BRCA2 mutation didn’t differ according to ethnicity or PrCa

familial status.

The median age at diagnosis of the 21 BRCA2 mutation carriers was 57 years old (Table 3).

Among them, 42.9% were diagnosed before 56 years old, and ten (47.6%) had a relative affected

with PrCa: at least one first-degree relative for 7 patients (33.3%), and at least one second-degree

relative for 3 other ones (maternal side, 14.3%). Fifteen of the BRCA2 mutation carriers (71.4%) had a

personal history of BrCa or at least one first-degree with BrCa. None of them had a family history of

OvCa or UtCa alone. If patients with only a first-degree relative OvCa or UtCa were excluded from

Group Il, the frequency of BRCA2 mutation in this group increased up to 11.9%. Fifteen (71.4%) of the

BRCA2 mutation carriers had an aggressive form of the disease (defined as PSA level > 20 ng/mL, or

Gleason score > 7, or T3 stage or presence of local or distant metastases). Four (19%) of the 21

BRCA2 mutation carriers died from their PrCa after a median follow-up duration of 64.5 months.

DISCUSSION



The frequency of germline BRCA2 mutation observed in the three studied groups: 5.9% in Group |,
10.9% in Group Il and 6.9% in Group lll, was always higher than the previously reported one for

unselected PrCa populations (ranging from 1.1% to 2.2%).2**

Among the metastatic PrCa patients,
the frequency of BRCA2 germline mutation was 6.9%, close to the 5.3% previously reported.® °
However, the probability of BRCA2 germline mutation without overlap with other subgroups for this
group of metastatic patients was 2.7%. In contrast, the mutation frequency of 5.9% that we observed
among PrCa patients diagnosed < 55 years old was greater than the 2.3% found by Edwards et al.
when they screened 263 PrCa patients diagnosed before 56 years old who were unselected for family
history’, and the 1.27% obtained by Kote-Jarai et al. among 632 patients with an age at onset under
56 years old.® The difference in BRCA2 mutation frequency observed between these studies could be
explained by the fact that in the last ones, the authors only considered as deleterious the mutations
that resulted in a truncated protein. Moreover, the method that they used at this time wasn’t able to
detect large deletions or rearrangements. The higher frequency observed in our study could also be
explained by the presence of around 25% of patients with a personal or family history of Br/Ut/OvCa
in our cohort of young onset patients. However, the proportion of patients with a family history of
Br/OvCa was quite similar among the patients diagnosed before 56 years old from the study of Kote-
Jarai et al. (25.3%)°, unlike a lower frequency of BRCA2 mutation. One difference between the two
cohorts was the higher frequency of patients with a positive family history of PrCa in our study
compared to that of Kote-Jarai et al. (50.7% versus 34.5%). In agreement with this observation, we

also found a higher frequency of BRCA2 mutation carriers among PrCa patients diagnosed < 55 years

old who had a positive family history of PrCa (7.8%) than those without (4%), but the difference



wasn’t statistically significant. A larger series of patients should be analysed in order to validate this
observation. We also couldn’t exclude that this difference in BRCA2 mutation frequency was due to
the presence of approximately 20% of metastatic cases in our cohort of young onset patients,
because BRCA2 mutation frequency was only 2.2% among PrCa patients who only met the
phenotype of a diagnosis before 56 years old.

In our study, the proportion of BRCA2 mutation was significantly higher among the group of patients
with a personal history of BrCa or a first-degree with Br/Ut/OvCa (P=0.006). This frequency reached
10.9% and was even slightly higher when we restricted this group to the patients with personal and
first-degree relative with BrCa (11.9%). This is in accordance with the previously reported
observation of a significantly higher frequency of patients with a family history of first- or second-
degree relatives of BrCa or OvCa among BRCA2 mutation carriers (47.4%) than non-carriers (21.3%,
P=0.024).° In this study, the authors concluded that in addition to young age of onset of PrCa, the
strongest predictors for the presence of a germline BRCA2 mutation was a family history of BrCa
and/or OvCa.® All the families from the BRCA2 mutation carriers of the group Il, except one, included
one individual that meets at least one criteria of the last version of the NCCN guidelines to perform a
BRCA1/BRCA2 testing.” This highlights the importance of evaluating these criteria in families of PrCa
patients in order to better select the ones who need this testing. On the contrary, the frequency of
BRCAZ2 carriers wasn’t different between patients with and without a positive family history of PrCa.
Similarly, Pritchard et al.? reported that the frequencies of germline mutations in DNA-repair genes

among patients with metastatic disease did not differ significantly according to family history of PrCa.



Our study had some limitations. Information on personal and family history of cancer were
not derived from medical records, but self-reported by the patient, who may forget or omit some.
However, this method of assessment is closer to real life and clinical practice. The cohort of patients
isn’t large enough to perform stratified analyses, notably by ethnicity or by age. This study isn’t
population based, patients were selected for BRCA2 screening based on one of the three eligibility
criteria and this limits the identification of other clinical criteria that could be associated with the
mutations of this gene. Another limitation of this study is that it is restricted to BRCA2 and lacks the
inclusion of other DNA-repair genes, as currently, a majority of patients undergoes a multigene panel
testing. However, in all reported studies on PrCa patients, BRCA2 is the most frequently mutated
gene. Moreover, we can suppose that several patients from our cohort who were tested negative for
BRCA2 mutation and had a family history of BrCa could be carriers of germline mutations in other
DNA-repair genes, due to the involvement of these genes in familial BrCa.

In agreement to previous observations, we found that most of the PrCa patients harbouring a
germline BRCA2 mutation (71.4%) had an aggressive form of the disease. Indeed, association
between BRCA2 mutation and an advanced PrCa or poor outcomes was consistently observed in

222427 Moreover, genomic analyses of tumours from patients with BRCA2 mutation

previous studies.
showed that they harbor increased genomic instability and a mutational profile that more closely
resembles metastastic than localized disease.?® Similarly, men with familial BrCa were shown to be at

greater risk of PrCa, but also of lethal disease. ° Even when detected by screening, a high proportion

(71%) of PrCa at intermediate and high risk was observed among BRCA2 mutation carriers.*



Altogether, these results suggested that these patients should be early detected and should not be

managed with active surveillance, but rather with a more radical treatment.

CONCLUSIONS

Our results showed that a higher frequency of BRCA2 mutation carriers is observed, not only among

PrCa patients with young onset or a metastatic disease, but also with a personal or a familial history

of BrCa. It highlights the importance of collecting individual and familial information history BrCa

from PrCa patients in routine clinical practice, notably since BRCA2 mutation is a marker of poor

prognosis and has implication for the management of the disease, notably, with the recent

development of PARP inhibitors.
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Figure Legend:

Figure 1: Mutual information mapping on the BRCA2 mutation status of the three phenotypes: age at

diagnosis at 55 years old and under; personal or family history of breast, uterine or ovarian cancer; or

metastatic disease.

Node sizes express for each phenotype the mutual information with the mutational status node.

Figure 2: Direct effect on the BRCA2 mutation status of the three phenotypes: age at diagnosis at 55

years old and under; personal or family history of breast, uterine or ovarian cancer; or metastatic

disease.

Horizontal axis indicates values of predicting phenotypes, normalized to scale 0 -100 to make them

comparable. Vertical axis indicates means of the outcome variable (mutational status). The analysis

was performed by using inference for direct effects.



Table 1: Characteristics of the 325 patients selected for the study

N (%)

Median age at diagnosis (range) 57 (39-92)
Age at diagnosis < 55 years 152 (46.8%)
Family history of PrCa 128 (39.4%)
Personal history of BrCa 8 (2.5%)
Family history of BrCa 123 (37.8%)
Family history of UtCa or OvCa 22 (6.8%)
Family history of BrCa/UtCa/OvCa 137 (42.2%)
Metastatic PrCa 130 (40%)

Ethnicity
- Caucasian
- African
- Other

270 (83.1%)
45 (13.8%)
10 (3.1%)

PrCa: prostate cancer; BrCa: breast cancer; UtCa; Uterine Cancer; OvCa: Ovarian cancer.



Table 2: BRCA2 mutation frequency according the different combination of phenotypes.

Phenotype
Personal or N::;itirt: f BRCA,Z

. Age-at family Metastatic Num.ber of with mutation
diagnosis < 55 history of PrCa patients BRCA2 freq:xency

years Br/Ut/OvCa mutation (%)

Yes No No 90 2 2.2

No Yes No 76 6 7.9

No No Yes 74 2 2.7

Yes Yes No 30 4 13.3

Yes No Yes 24 2 8.3

No Yes Yes 24 4 16.7

Yes Yes Yes 8 2 12,5

PrCa: prostate cancer; BrCa: breast cancer; UtCa; Uterine Cancer; OvCa: Ovarian cancer.




Table 3: Characteristics of BRCA2 mutation carrier prostate cancer patients.

Age at Local or Alive . . Relative with
. . di . PSA at Gleason | Tumor . Relative with . -
Patient | Group Mutation lagnosis . . distant (Follow-up Breast/Ovarian/uterus | Ethnicity
diagnosis Score Stage . Prostate cancer
(Years) Metastases | duration) cancer
Father, Broth
1 | c.3264dupT 48 5 6 T3b NOMO | Yes(185) | 'or'ef Brother, None Caucasian
Paternal uncle
2 1 &Il c.1797_1801del5 47 117 6 T2a NXMO Yes (4) Father Br: Sister, Paternal great | | ian
grandmother
Br: Mother, Sister,
Maternal uncle,
Maternal uncle Maternal Aunt, Maternal .
3 I &I c.8297delC 48 38.25 8 T3b NOMO Yes (75) (x2) cousin x3 Caucasian
Ov/Ut: Maternal
grandmother
Father, Paternal .
4 | c.6644_6647deld 43 17 6 T2b NxMx Yes (35) uncle None Caucasian
Br: Mother, P |
5 I ¢.8463dupT 57 500 M T3 NxMx Yes (37) Father r: Mot airr;t aterna Caucasian
Father, Paternal .
6 | &I €.2808_2811del4 52 33.75 8 T2c NxMx Yes (11) . Br: Father, Paternal aunt | Caucasian
cousin (x2)
Br: Mother, Sister
7 I c.1796_1800del5 57 38 8 T2c N1MO Yes (59) None i Caucasian
Ov/Ut: Sister
8 I &Il c.3103G>T 54 100 T3a NxM1b Yes (2) None None Caucasian
9 I €.9097dupA 64 5.3 6 T2a NOMO Yes (80) None Br: Mother, Sister (x2) | Caucasian
10 I deleterious 63 6 7 T2 NOMO Yes (NA) None Br: Sister African
11 Il c.8167G>C 59 ND ND ND ND Yes (NA) None Br: Ego Caucasian
Br: Father, Pat |
12 I c.1310_1313del 65 ND 6 T1c NXMx Yes (NA) None rrrather, Faternal 1 caucasian

uncle




Paternal

Br: Mother, sister (x2),

13 I &I ¢.5909C>A 51 0.988 6 T2a NxMx Yes (6) gr::::z:;?r’ Paternal aunt (x2), Caucasian
grandfather Maternal aunt
1 &Il BrCa: Mother, Maternal
14| e c.4168_4169delTT 52 600 9 T4 NxM1b Yes(3) | Maternaluncle |- oauer::( ateMa | caucasian
15 &l deleterious 62 7 7 T3a NOM1b Yes (71) None BrCa: Daughter Caucasian
16 &l c.1626dupA 68 35 9 T2b N1MO No (56) None BrCa: Mother, Sister Caucasian
17 11 c.3075_3076delGAinsTT 68 81.54 9 T3a NxM1b Yes (2) None None Caucasian
18 I &Il c.2283T>G 55 10.63 9 T3a N1iM1la No (73) Brother None African
BrCa: Sister
19 11 &1l c.4022del 74 6.65 10 T3 N1M1lc No (40) None . Asian
Ov/UtCa: Sister
20 11 c.1929del 61 2.3 8 T2c | N1M1b/Milc| No (85) Brother None Caucasian
BrCa: E i
21 I Del ex1-ex16 61 5 7 T2¢ NxMx Yes (42) None rCa: Ego, Sister (x3), Other

Paternal aunt (x3)

BrCa: breast cancer; Ov/UtCa; Ovarian or Uterine Cancer; M: moderately differentiated; NA : not available.
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