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Despite continued research, pancreatic ductal adenocarcinoma (PDAC) remains one of the main causes of cancer death. Interest is
growing in the role of the tumour suppressors breast cancer 1 (BRCA1) and BRCA2—typically associated with breast and ovarian
cancer—in the pathogenesis of PDAC. Indeed, both germline and sporadic mutations in BRCA1/2 have been found to play a role in
the development of PDAC. However, data regarding BRCA1/2-mutant PDAC are lacking. In this review, we aim to outline the specific
landscape of BRCA-mutant PDAC, focusing on heritability, clinical features, differences between BRCA1 and 2 mutations and
between germline and sporadic alterations, as well as established therapeutic strategies and those that are still under evaluation.
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BACKGROUND
Pancreatic ductal adenocarcinoma (PDAC) represents the most
common form of pancreatic cancer. It is the seventh leading cause
of cancer death worldwide, with an estimated 9% 5-year survival
rate [1, 2]. It usually arises in elderly patients, with a mean age at
onset of 71 years for men and 75 years for women [1, 2]. The
mainstay of PDAC treatment is chemotherapy; however, this
malignancy still has a poor prognosis, and research efforts are thus
focused on identifying new therapeutic targets and strategies in
addition to investigating the genomic landscape of this geneti-
cally and biologically heterogeneous tumour type [2–9]. The vast
majority (>80%) of PDAC cases have a sporadic origin, whereas
only a small proportion (<10%) result from inherited germline
mutations [10–12]. KRAS (90%), CDKN2A (90%), TP53 (70%), SMAD4
(55%), chromatin (20%), DNA repair (17%), cell-cycle regulators
(15%), WNT (10%), Robo/slit pathway (5%), Notch signalling (5%)
have been identified as the main molecular pathways and genes
involved in PDAC development [2, 13].
The genes encoding breast cancer 1 and 2—BRCA1 and BRCA2

—play a crucial role in the response to DNA damage, by
mediating the repair of DNA double-strand breaks (DSBs) via
homologous recombination (HR) [14]. BRCA1/2-deficient cells that
lack HR activity accumulate DSBs, resulting in genomic instability
and an increased predisposition to malignant transformation and
progression [15, 16]. Germline BRCA1/2 mutations are found in
approximately 5–10% of cases of familial PDAC and approximately
3% of cases of apparently sporadic PDAC [17], and, after breast
cancer and ovarian cancer, PDAC has been reported to be the
third most common cancer associated with these mutations
[2, 18]. Histologically, although the majority of pancreatic cancers

associated with germline and somatic BRCA mutations comprise
PDAC, both mutation types have also been reported in acinar cell
carcinomas of the pancreas, which are much rarer [19].
Epidemiology studies and a study examining loss of BRCA2
heterozygosity in PDAC tissue suggested a reliable link between
BRCA2 carriers and an increased PDAC risk (relative risk in 222
BRCA2-mutant families assessed by Moran et al.: 4.1, 95%
confidence interval [CI], 1.9–7.8; standardised incidence ratio in
459 BRCA2-mutant patients evaluated by Mersch et al.: 21.7, 95%
CI, 13.1–34.0; P < 0.001); however, this association is not as clearly
defined for BRCA1 carriers [20–25]. Indeed, in BRCA2-mutant
patients, the relative risk is ~3–4-fold higher (3.51, 95% CI
1.87–6.58) [21]. For BRCA1 carriers, the relative risk is estimated
to be two-fold higher (2.26, 95% CI 1.26–4.06), but some studies
have failed to identify any significant association between BRCA1
mutations and PDAC, suggesting a low penetrance for this
malignancy [14, 15, 20].
In this review, we aim to outline the specific landscape of BRCA-

mutant PDAC, focusing on heritability, clinical features, and
differences between BRCA1 and BRCA2 mutations and between
germline and sporadic alterations. We also discuss established
therapeutic strategies based on the increased sensitivity of BRCA-
mutant cells to platinum-based drugs and PARPi, as well as
alternative approaches that are under evaluation.

Mutant BRCA versus wild-type BRCA in PDAC
PDAC caused by mutations in BRCA1/2 seems to be different to
PDAC occurring in the general population. Generally, PDAC
patients belonging to families with known BRCA1/2 mutations
are a decade younger [26]. In BRCA1-mutant families, the mean
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age at PDAC diagnosis is 62.9 (standard deviation 12.0) with a
median age of 59 (range 45–80) in males and 68 (range 38–87) in
females (male:female ratio=2.00), whereas in BRCA2-mutant
families, the mean age at diagnosis is 62.9 (standard deviation
11.7), with a median age of 67 years (range 39–78) in males and 59
(range 46–81) in females (male:female ratio= 1.11) [27]. Differ-
ences in patient survival and molecular landscape between BRCA-
mutant and wild-type PDAC have also been investigated.

BRCA mutations and patient survival
Most BRCA alterations in PDAC are frame-shifting indels, stop-gain
mutations and splice-site mutations; single-nucleotide substitu-
tions are rare [28]. BRCA1/2 mutations can be classified as
definitely pathogenic; likely pathogenic; uncertain, likely not
pathogenic or of little clinical significance; not pathogenic; or of
no clinical significance [29]. The results of genetic tests and the
analysis of tumour signatures, which play a key role in the
detection of different variants, thus give an important indication
of the pathogenicity and the implications of a detected mutation.
However, the rarity of the diagnosis of BRCA1/2-mutant PDAC,
compounded by the infrequent nature of genetic testing, has led
to the publication of only a few studies assessing the impact of
BRCA mutations on the survival of patients, with controversial
results [26, 30–33]. A retrospective, single-institution, case-control
study demonstrated that the presence of a germline BRCA1/2
mutation in patients with resected, sporadic PDAC was indepen-
dently associated with inferior overall survival (OS) and inferior
disease-free survival compared with matched BRCA-wild-type
patients [17]. Takeuchi et al. [34] analysed the presence of
mutations in the entire coding region of the BRCA pathway genes
(BRCA1, BRCA2 and partner and localiser of BRCA2 (PALB2) in
42 surgically resected PDAC tumours, and assessed their correla-
tion with clinical-pathological features. Thirteen rare germline
mutations were identified in the BRCA pathway genes and their
functional effect was examined using online prediction programs,
including ClinVar. One frameshift mutation (BRCA2S2148fs) was
considered to be pathogenic, seven as being of uncertain
significance or having conflicting interpretations of pathogenicity,
and three as benign; ‘no information’ on the predicted effect of
the other mutations was available. BRCA2R18H and BRCA2G2044V
were apparently enriched in tumour cells. However, in contrast
with the case-control study outlined above, patients with
potentially deleterious mutations (such as pathogenic, conflicting,
uncertain) in BRCA pathway genes, or those with no information,
had a significantly better prognosis than those without mutations
or with benign mutations as assessed by ClinVar (5-year OS was
68.6% versus 19.2%, respectively; P= 0.031 by log-rank test) [34].
Since BRCA1/2 has a crucial tumour suppressor role, the better
prognosis observed in patients with deleterious mutations of
these genes might appear unexpected and it is indeed not exactly
understood. Most patients received adjuvant chemotherapy with
S-1 and gemcitabine (only some patients were treated with
cisplatin) and no significant differences in chemotherapy admin-
istration were reported among the cohorts, thus excluding a key
prognostic role of chemotherapy in patients with genomic
instability. Notably, these data should be considered with caution
due to the retrospective nature of this study and the small sample
size, which prevent from drawing definitive conclusions. Further
prospective and larger studies are needed to explore the
prognostic role of BRCA1/2 deleterious mutations.

The effect of BRCA mutations on the molecular landscape of
PDAC
Little is known about the molecular differences that might exist
between PDAC patients with mutated BRCA1/2 and those with
wild-type BRCA1/2. An immunohistochemistry and next-
generation sequencing evaluation of 2818 PDAC samples
identified BRCA1 mutations in 1.3% and BRCA2 mutations in

3.1% of samples; concomitant mutations in PALB2 were not
reported. The mutational profile of PDAC samples from BRCA-
mutant patients was significantly different from that of patients
with wild-type BRCA1/2 PDAC. Indeed, mutations in TP53 and
CDKN2A were less frequent in BRCA-mutant PDAC samples than in
BRCA-wild-type PDAC samples, whereas mutations in APC, SETD2,
FLCN, ERBB3, SUFU, WT1 and KMT2A were more common. Notably,
these differences in the mutational profile might reflect the
pathways and mediators involved in carcinogenesis in BRCA1/2-
mutant and wild-type PDAC, thus suggesting the existence of
potential differences in this process between mutant and wild-
type tumours. Moreover, 4.8% of BRCA-mutant PDAC samples
showed microsatellite instability high/deficient mismatch repair
(MSI-H/dMMR) status versus 1.2% of wild-type BRCA1/2 samples;
the tumour mutational burden was higher in the BRCA-mutant
PDAC samples compared with the wild-type BRCA1/2 samples
irrespective of microsatellite status [35]. Further studies are
required to assess the real impact of the presence or absence of
BRCA mutations on the molecular landscape of PDAC, which is
likely to impinge on patient prognosis and have implications for
treatment.

BRCA mutations and heritability in PDAC
Among the genes that are considered to be involved in PDAC
susceptibility, BRCA1, BRCA2, PALB2 and CKDN2A appear to
account for the majority of known genetic causes of hereditary
PDAC [18, 36–39].

BRCA1/2 mutations and family history
Familial pancreatic cancer (FPC) is a term that can be applied to
families with at least two first-degree relatives with PDAC who do
not fulfil the criteria for other familial cancer syndromes, and is
responsible for 10% of cases of PDAC [36–41]. Data on the genetic
basis of FPC largely arise from the observed increase in the risk of
pancreatic cancer in patients with hereditary cancer syndromes.
Many of the studies included only patients with mutated BRCA2; in
patients with FPC, the prevalence of BRCA2 mutations was found
to be 3–17% in the case of ≥3 relatives with PDAC history,
whereas, in unselected patients, the prevalence of BRCA2
mutations has been reported to be 5–7% [23, 42, 43]. These
prevalence data show an increase of detected BRCA2 mutations
when a selection of patients according to PDAC family history is
applied.
The PACGENE study [44] found that the 8% of probands who

have a first-degree relative with PDAC—unselected for hereditary
cancer syndrome patterns or genetic mutational status—harbour
a deleterious mutation in one of four genes: BRCA1, BRCA2, PALB2
and CDKN2A. Probands with relatives other than first-degree
relatives with PDAC might also carry a deleterious mutation in the
same four genes, although with significantly less probability. The
researchers confirmed that these four genes together harbour
approximately 5–10% of deleterious mutations in FPC. Overall, any
proband with a family history of PDAC has a 6.7% probability of
carrying a deleterious mutation in one of these genes. Mutations
in BRCA2 and CDKN2A were detected more often than those in
BRCA1 and PALB2, consistent with the published literature
[42, 43, 45, 46]. Furthermore, the authors also found a younger
age of onset of PDAC among probands with a mutation in one of
the four genes. A specific age at which to define early-onset
pancreatic cancer has not been identified yet, although a cut off of
50 years old has been considered in previous studies of FPC
[47, 48]. Having a member of the family with a young-onset
pancreatic cancer confers an added risk in FPC kindreds; this
finding might help tailoring the clinical/genetic counselling and
screening proposal to families with high risk of developing PDAC
[48]. Interestingly, the number of family members affected by
PDAC did not correlate with the probability of detecting
deleterious mutations [44].
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BRCA1/2 mutations and ethnicity
It is important to indicate that population ethnicity influences the
prevalence rates of BRCA1/2 mutations and should be taken in
consideration when interpreting the literature. In particular, one of
the most studied populations is represented by the Ashkenazi
Jews (AJs), who have become the subject of many genetic studies
of FPC and other related BRCA-mutant cancer syndromes. In the AJ
population, up to 21% of patients with PDAC harbour a BRCA1/2
mutation [49, 50]. AJs are known to have founder mutations in
BRCA1 (185_186delAG and 5382insC in 0.4% and 0.1%, respec-
tively, of AJ women) and BRCA2 (6174delT in 0.6% of Ashkenazi
women) that underlie hereditary breast cancer [22, 45, 46]. These
founder mutations might also contribute to PDAC predisposition;
however, few prospective studies are available and most data
derive from clinical database reviews. Ferrone et al. identified that,
of 187 Jewish patients who underwent surgery for PDAC, 5.5% of
patients with AJ ancestry (unselected for family history of cancer)
harboured one of the three common AJ founder mutations
(185_186delAG, 5382insC or 6174delT); in AJ families with a
history of breast cancer and PDAC, 14.2% were found to carry a
mutation in BRCA1 or BRCA2, with nearly equal distribution
between the two genes [30, 51]. Salo-Mullen et al. reported that
BRCA2 was the most common gene found to be altered in a series
of patients with PDAC who presented for clinical cancer genetics
evaluation, accounting for 54% of all identified pathogenic
mutations; 85.5% of patients had either a personal history of a
second malignancy or at least one first or second degree relative
with a history of breast cancer, ovarian cancer, colorectal cancer or
PDAC [52]. Overall prevalence of BRCA1/2 mutations in AJ patients
is reported to be 2.5%, that is approximately five times higher than
prevalence in the general population [53, 54].
In a large prospective analysis, Holter et al. reported the

prevalence of germline BRCA1/2 mutations in a cohort of
unselected patients with incident PDAC diagnosis. Clinical and
family histories of these patients were assessed in an attempt to
determine predictive factors for genetic testing. Germline BRCA
mutations were identified in 4.6% of the patients: 1% had a BRCA1
mutation and 3.6% had a BRCA2 mutation. Notably, 12.1% of AJ
patients were BRCA-mutant, compared with 3.7% of non-AJ
patients [11]. The absence of a significant family history in the
majority of patients with an established deleterious germline
mutation might be the result of incomplete penetrance, rather
than a de novo germline mutation, which has not been well
studied in PDAC [55].
Smith et al. [56] recommend reflex testing for germline

mutations in BRCA1, BRCA2, PALB2 and ATM for patients with
French–Canadian/AJ ancestry, and full gene sequencing of
patients with incident pancreatic cancer ≤50 years or with family
history criteria. Reflex testing is also recommended by the
National Comprehensive Cancer Network in the Genetic/Familial
High-Risk Assessment [57].

Genetic testing
Regardless of the ethnicity, the identification of BRCA mutations
allows family members to receive genetic testing and counselling
[58]. Genetic counselling is recommended for patients harbouring
a pathogenic mutation and for those with a positive family history
of cancer, especially PDAC, regardless of mutation status
[57, 59, 60]. The American Society of Clinical Oncology and
National Comprehensive Cancer Network guidelines recommend
germline testing using comprehensive multigene panels for
hereditary cancer syndromes that are associated with an increased
risk of PDAC for all PDAC patients, irrespective of family history.
Indeed, test panels allow individuals to be simultaneously
assessed for mutations in multiple genes associated with cancer
(generally ATM, BRCA1, BRCA2, CDKN2A, PALB2, STK11, MLH1, MSH2,
MSH6 and PMS2) [61]. The use of this approach has confirmed the
presence of actionable BRCA1/2 pathogenic, or likely pathogenic,

variants (0–3% for BRCA1 and 1–6% for BRCA2, respectively) in
unselected PDAC population, thus suggesting potential therapeu-
tic implications [57, 62].
Evidence suggests that screening in high-risk subjects is

associated with down-staging of incident tumours, although larger
studies are needed to confirm the long-term survival benefit. PDAC
screening can be considered for first-degree relatives of individuals
with FPC and/or individuals with a family history of PDAC who
harbour pathogenic germline variants in genes associated with
PDAC susceptibility, after extensive discussion on potential risks/
benefits and limitations of surveillance, and should be performed
at high-volume centres of expertise. Surveillance could be
performed using contrast-enhanced pancreas magnetic resonance
imaging/magnetic resonance cholangiopancreatography and/or
endoscopic ultrasonography [57, 59, 60]. Furthermore, as many of
the germline mutations associated with an increased risk of PDAC
are also associated with highly penetrant hereditary cancer
syndromes (e.g. Lynch syndrome, hereditary breast cancer and
ovarian cancer), and consequently with a higher risk of other
cancers, effective strategies for the prevention and screening of
these tumours should also be offered [59].

Germline BRCA mutations and somatic BRCA mutations in
PDAC
It is well known that BRCA mutations can be germline or somatic
[49]. Somatic BRCA1/2 mutations are responsible for cases of
sporadic PDAC, are detectable only in the tumour tissue and have
been reported in 1–4% cases of PDAC [35].

‘Apparent’ sporadic PDAC
Sporadic PDAC that harbours somatic BRCA mutations and
‘apparently’ sporadic PDAC with germline BRCA mutations
comprise two different entities. Sindo et al. investigated the
prevalence of deleterious germline BRCA1/2 mutations in appar-
ently sporadic PDAC—that is, cases of PDAC with no significant
family history of cancer—by sequencing 32 genes, including
known pancreatic cancer susceptibility genes, from the DNA of
normal (i.e. non-tumour) tissue obtained from 854 patients with
PDAC. Thirty-three of these patients presented with a deleterious
germline mutation: 12 involved the BRCA2 gene and three
involved the BRCA1 gene [55]. It has also been reported in
different studies that a percentage of non-selected patients with
PDAC harboured a germline BRCA1/2 mutation [11, 23]. Table 1
shows the occurrence of germline BRCA mutations in apparently
sporadic PDAC [11, 55, 63–66]. Another study revealed a down-
regulation of BRCA1 expression at the RNA level in patients with

Table 1. Prevalence of germline BRCA1/2 mutations in apparently
sporadic pancreatic cancer.

Authors/year Total no. of
PDAC
patients

BRCA1/2 mutations
no. patients (%)

Reference

Holter
et al., 2015

306 BRCA1: 3 (0.98%)
BRCA2: 11 (3.59%)

[11]

Shindo
et al., 2017

854 BRCA1: 3 (0.35%)
BRCA2: 12 (1.4%)

[55]

Grant
et al., 2015

290 BRCA1: 1 (0.34%)
BRCA2: 2 (0.68%)

[63]

Hu et al., 2018 2999 BRCA1: 18 (0.6%)
BRCA2: 57 (1.9%)

[64]

Brand
et al., 2018

298 BRCA1: 4 (1.34%)
BRCA2: 4 (1.34%)

[65]

Yurgelun
et al., 2019

289 BRCA1: 3 (1.03%)
BRCA2: 4 (1.38%)

[66]

PDAC pancreatic ductal adenocarcinoma.
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chronic pancreatitis, and downregulation at both the RNA and
protein levels in sporadic PDAC, demonstrating a correlation
between BRCA1 expression and PDAC development [67]. These
data highlight the importance of extending the criteria used to
determine the appropriateness of gene testing beyond the
existence of a significant family history in order to avoid missing
known deleterious pancreatic cancer susceptibility gene muta-
tions that could potentially be targeted.

BRCA1/2 mutations and treatment potential
The identification of a germline BRCA1 or BRCA2 mutation is often
used to stratify patients for treatment with platinum-based
therapy or poly-ADP ribose polymerase (PARP) inhibitors (PARPi,
see below). However, heterogeneous responses are often seen
using this approach, prompting Wang et al. to develop a
predictive and prognostic model of germline BRCA-mutant PDAC
in the preclinical setting. In the case of homologous repair
deficiency (HRD), tumour polyploidy and a basal-like transcrip-
tomic subtype were independent predictors of poorer survival;
HRD genomic hallmarks were crucial for sensitivity to platinum
and PARPi, whereas tumour polyploidy predicted resistance [68].
Although no specific data are available regarding somatic BRCA-

mutant PDAC and platinum-based treatment, a new classification
based on whole-genome sequencing indicates that most somatic
BRCA-mutant and germline BRCA-mutant PDACs seem to be part
of the unstable subtype, characterised by the presence of
genomic instability, with an apparent increased response to
platinum-derived therapies both in patients and in patient-derived
xenografts, suggesting that no difference in treatment response
exists between somatic and germline mutations [69–71]. Different
studies have investigated or are still studying the effect of PARPi in
BRCA-mutant PDAC [72–74]. However, only a few studies have
considered both germline and somatic mutations. Among them, a
Phase II multicentre study evaluated the efficacy and safety of
rucaparib in 19 patients with germline/somatic BRCA1/2-mutant
locally advanced or metastatic PDAC. Three patients had an
objective response; of these, two harboured somatic BRCA2
mutations [73]. A Phase II open label study will evaluate the
effectiveness, safety, and anti-tumour activity of rucaparib in
patients with advanced germline/somatic BRCA1/2-mutant or
PALB2-mutant PDAC (NCT03140670) [75]. The prevalence of these
mutations and their association with improved clinical outcomes
are also the tertiary objectives in a Phase II randomised study in
which the primary objective will be the efficacy of modified 5-
fluorouracil, irinotecan, levofolinic acid (mFOLFIRI) and veliparib
compared to a control arm of FOLFIRI in patients with metastatic
PDAC (NCT02890355). Very few studies focus on both germline
and somatic mutations, since most consider only germline
alterations. Furthermore, no comparative studies between PDAC
with germline mutations versus PDAC harbouring somatic
mutations assessing potential differences with respect to clinical
tumour behaviour, response to treatment and clinical outcomes
are available.

BRCA-mutant PDAC and platinum-based therapy
Platinum-based chemotherapies exert their cytotoxic effect by
binding directly to DNA, causing crosslinking of DNA strands and
inducing DNA DSBs, which cannot be effectively repaired in the
presence of BRCA mutations [76]. An enhanced sensitivity to
platinum-based chemotherapies was first demonstrated in BRCA1/
2-mutant breast cancer and ovarian cancer [77, 78]. Accordingly,
the potential benefit of these has been evaluated in PDAC patients
who harbour BRCA1/2 or PALB2 germline mutations, both in the
early and advanced setting (Table 2).

Focus on stage I–II disease
Golan et al. [32] assessed the predictive and prognostic impact of
pathogenic germline BRCA/PALB2 mutations in patients withTa
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resected PDAC in a retrospective case-control, multi-institution
study. Globally, 25 patients with resected BRCA1/2-mutant PDAC
were matched to 49 wild-type control subjects. No statistically
significant differences in median OS (mOS), the primary endpoint
(37.06 versus 38.77 months, P= 0.838), or median disease-free
survival (14.3 versus 12.0 months, P= 0.303) were observed
between cases and controls. However, when patients who were
treated with platinum chemotherapy in the perioperative setting
were analysed, a non-significant trend towards improved disease-
free survival was observed among BRCA-mutant patients (n= 10)
as compared with controls (n= 7) (39.1 versus 12.4 months, P=
0.255); no difference in OS was reported (43.8 months for BRCA-
mutant patients versus 44.4 months for controls; P= 0.775) [32].
Another retrospective case-control study [80] analysed 32

patients with germline BRCA/PALB2 mutations and resected PDAC
matched to 64 mutation-negative patients. In each group, 11
patients received perioperative platinum chemotherapy (n= 13 5-
fluorouracil, oxaliplatin, irinotecan, levofolinic acid [FOLFIRINOX], n
= 4 5-fluorouracil, oxaliplatin, levofolinic acid [FOLFOX], n= 1
capecitabine, oxaliplatin, levofolinic acid, n= 1 carboplatin/gemci-
tabine, n= 2 cisplatin/gemcitabine, n= 1 oxaliplatin/gemcitabine).
The mOS (primary endpoint) was 46.6 months in the BRCA-mutant
group compared to 23.2 months in the BRCA-wild-type group
(hazard ratio [HR] 0.49; P= 0.0156). In this population, a survival
advantage in patients with BRCA-mutant PDAC compared to those
with wild-type PDAC, rather surprisingly since mutation involving
tumour suppressors are expected to be related to worse survival.
However, due to the retrospective nature of the study, these
findings should be considered with caution. The subgroup analysis
of patients treated perioperatively with platinum showed that the
mOS was not reached in the mutant group, versus 23.1 months in
the BRCA-wild-type group (HR 0.12; P= 0.0193). Finally, when
BRCA-mutant patients were evaluated by platinum exposure, a
trend toward an improvement in mOS was observed among those
who received perioperative platinum (n= 11) versus patients who
did not (n= 15) (HR 0.52; P= 0.0421) [80].

Focus on stage III–IV disease
In 2011, Lowery et al. [83] reported partial (n= 4) or complete (n
= 1) radiological responses in five out of six BRCA-mutant PDAC
patients treated with platinum-based first-line chemotherapy. This
favourable finding was supported by the publication in the same
year of a complete pathological response of a case report treated
with cisplatin-based therapy [84]. In 2014, Golan et al. reported the
results of their retrospective analysis of BRCA1/2-mutant PDAC
patients. Among the 58 eligible patients, mOS was not reached for
patients with stage I/II disease (n= 15) after 60 months but was
12 months for those with stage III/IV (n= 43) disease. Twenty-two
out of these 43 patients with stage III/IV disease received
platinum-based therapies: 18 were treated with cisplatin/gemci-
tabine, 3 with FOLFIRINOX and 1 with oxaliplatin/gemcitabine.
These patients showed a statistically significant improvement in
OS (22 versus 9 months, respectively; P= 0.039) compared with
those patients who didn’t receive platinum (n= 21). No statisti-
cally significant differences in survival outcomes were found
between the BRCA1-mutant subgroup and the BRCA2-mutant one
(mOS 15 versus 13 months, respectively; P= 0.77) [26]. Reiss et al.
later performed a retrospective case-control study on 29 BRCA/
PALB2-mutant patients with advanced PDAC patients who were
matched to 58 control subjects (non-carriers or untested). A
statistically significant benefit in OS (primary endpoint) was
observed in the mutation-positive patients compared to the
matched controls (mOS: 21.8 versus 8.1 months, respectively. HR
0.35; P < 0.001). When patients who received platinum-based
chemotherapy were analysed (n= 18), a statistically significant
benefit in OS was observed in the mutation-positive group
compared with control patients (mOS at a median follow-up of
20.1 months: not reached versus 15.5 months, respectively; HR

0.25; P= 0.002), whereas no significant survival differences were
reported in patients who were not treated with platinum (HR 0.54;
P= 0.12). Subgroup analysis comparing oxaliplatin to cisplatin did
not show any difference between the different regimens
administered (i.e. FOLFIRINOX, FOLFOX, cisplatin/gemcitabine,
other not specified platinum therapies) [79].
Wattenberg et al. [81] evaluated the impact of platinum-based

therapies in terms of objective response in a 2020 retrospective,
case-control analysis. The authors analysed the effect of platinum-
based therapies in 26 patients with germline mutations in BRCA1/2
or PALB2 and 52 matched control patients with advanced PDAC;
FOLFIRINOX was the most commonly used regimen in the control
group, whereas a significantly higher number of mutation-positive
patients received cisplatin/gemcitabine. The primary endpoints
were objective response rate (ORR) and real-world progression-
free survival (rwPFS). The ORR was significantly higher in
mutation-positive patients treated with platinum-based therapies
compared with the control group (58% versus 21%; P= 0.0022).
No significant difference in ORR was observed among the
different platinum-based regimens in the mutant patients (P=
0.814). Conversely, all objective responses in the control group
occurred in patients treated with FOLFIRINOX. Notably, mutation-
positive patients who received first-line platinum therapy had a
significantly better ORR than matched control patients (68%
versus 29%; P= 0.007) and a numerically higher ORR when
compared to mutation-positive patients who received platinum in
the second-line setting (68% versus 20%; P= 0.0507). Moreover,
mutation-positive patients had a significantly longer rwPFS than
control patients (median rwPFS 10.1 versus 6.9 months, HR 0.43; P
= 0.0068), and those mutation-positive patients who received
first-line platinum had a longer rwPFS (21.1 months) than control
patients (7.9 months; P= 0.0046) and mutation-positive patients
treated with platinum therapy in the second- or later lines
(2.5 months; P= 0.0001) [81].
Because of their retrospective nature, small sample size,

frequent lack of a control group and heterogeneity of platinum
therapies, none of these studies was able to demonstrate the
superiority of one platinum-based regimen over another in BRCA/
PALB2-mutant patients. However, despite the limitations of these
studies, the results from all of them suggest that patients with
germline BRCA/PALB2-mutant PDAC represent a small, but
clinically significant, subset who might benefit from cytotoxic
therapies, such as platinum-based chemotherapy, in the presence
of defective HR. To date, unfortunately, no data are available to
assume that these observations might be extended to PDAC
patients with somatic alterations in these genes.

PARP inhibitors in BRCA-mutant PDAC
PARP enzymes, which polymerise ADP-ribose units, play a key role
in the repair of single-stranded DNA breaks through the base-
excision repair system. PARP-1 is crucial in this process and
represents the main target of PARPi in BRCA1/2-mutant tumours,
on the basis of the mechanism of synthetic lethality [85], a
phenomenon in which the combination of two gene perturba-
tions leads to cell death, whilst the perturbation of either of two
genes individually has no detrimental effect. In the absence of
functional BRCA1/2- or PALB2-encoded proteins, PARP-1 is over-
expressed in order to compensate for their reduced activity [86].
PARPi bind to the catalytic site of PARP enzymes, blocking their
activity and simultaneously trapping them inside the DNA, which
leads to the collapse of the replication forks. Thus, PARPi leads to a
significant accumulation of DSBs, resulting in cell death [85, 87].
Various PARPi have been developed (Fig. 1). Olaparib and

rucaparib target PARP-1, PARP-2 and PARP-3, whereas veliparib,
niraparib and talazoparib target PARP-1 and PARP-3. Each PARPi
shows different catalytic inhibition and PARP trapping potency—
the ability to trap PARP–DNA complexes. Notably, the PARP
trapping potency, rather than the IC50, seems to be the main
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driver for cytotoxicity. Therefore, the different PARP trapping
capacities of the PARPi might be quite relevant in influencing the
capability to induce the cell death [85, 88].
The first preclinical studies that showed the high lethality of

PARPi in cancer cells harbouring BRCA mutations were published
in 2005 [86, 89]. Subsequent Phase I studies investigated the
optimal dose of these drugs and demonstrated their efficacy in
BRCA-mutant solid tumours. These Phase I/Ib studies with PARPi
were performed on advanced solid tumours; some focused mainly
on breast cancer and ovarian cancer, but all of them showed good
results in terms of ORR [90–92]. Further Phase II studies with
different PARPi have been conducted on advanced solid tumours
with germline BRCA1/2 mutations, including PDAC. Some trials
have focused on PARPi monotherapy, others on PARPi main-
tenance therapy and on a combination of PARPi and chemother-
apy (Table 3).

PARPi monotherapy
A single arm, Phase II study by Kaufman et al. [72] included a
cohort of patients with germline BRCA1/2-mutant advanced PDAC
progressing after gemcitabine (65% pretreated with a prior
platinum-based regimen) who received olaparib. The primary
endpoint, the ORR, was 22%. In terms of secondary endpoints,
35% reached stable disease at >8 weeks; the median duration of
response was 134 days; PFS was 4.6 months; and OS was
9.8 months. The most frequent adverse events of any grade were
fatigue (74%), nausea (48%), vomiting and anaemia (40%).
Lowery et al. [93] conducted a Phase II trial of veliparib on

patients with stage III/IV PDAC and known germline mutations in
BRCA1/2 or PALB2 who had been pretreated with 1–2 lines. The
primary endpoint was ORR; secondary endpoints included PFS,
duration of response, OS and safety. Veliparib showed a good
tolerability profile, but no confirmed response was observed,
although four (25%) patients remained on the study with stable
disease for ≥4 months.
The RUCAPANC trial, by Shrofft et al. [94], assessed the safety

and efficacy of rucaparib in advanced or metastatic PDAC patients
with germline or somatic BRCA1/2 mutations. The study enrolled

19 patients, including 16 with a germline BRCA mutation and 3
with a somatic BRCA mutation. An ORR of 15.8% (3 of 19) was
reached, and the disease control rate was 31.6% (6 of 19) in the
overall population and 44.4% (4 of 9) in patients who received a
previous chemotherapy regimen. As per protocol, enrolment was
stopped due to insufficient ORR among the first 15 patients.

PARPi as maintenance treatment
The Phase III, randomised, double-blind study of Golan et al. [74]
aimed to evaluate the efficacy of olaparib as maintenance therapy
in patients affected by metastatic germline BRCA1/2-mutant PDAC
not progressing after first-line platinum-based treatment. A total
of 154 patients was randomly assigned (3:2 ratio) to receive
olaparib tablets (300 mg twice daily; n= 92) or placebo (n= 62).
The primary endpoint was PFS. The study met its primary
endpoint: median PFS was higher in the olaparib arm compared
to the placebo arm (7.4 months versus 3.8 months; HR 0.53; 95% CI
0.35–0.82; P= 0.004). At the interim analysis, no difference
between olaparib and placebo groups in mOS, calculated at a
data maturity of 46% (18.9 versus 18.1 months; HR 0.91; 95% CI
0.56–1.46; P= 0.68), was observed. The incidence of grade 3 or
higher adverse events was 40% in the olaparib group compared
with 23% in the placebo group. No significant difference in health-
related quality of life was reported between the groups.
Another single arm, Phase II clinical trial of maintenance

rucaparib in patients with advanced PDAC and germline or
somatic BRCA or PALB2 mutation, whose cancer had not
progressed following at least 4 months of platinum-based
chemotherapy (NCT03140670), was conducted by Binder et al.
[75]. The primary endpoint was PFS. Globally, 13 patients with a
germline BRCA2 mutation, 3 with a germline BRCA1 mutation, 2
with a germline PALB2 mutation, and 1 with a somatic BRCA2
mutation were enrolled. Median PFS was 9.1 months from the
start of rucaparib therapy; ORR was 36.8% (six partial responses;
one complete response). The disease control rate was 89.5% for at
least 8 weeks. Two patients (10.5%) demonstrated progressive
disease at a first follow-up scan 2 months after the start of
treatment; eight received rucaparib for >6 months and two

Base excision repair (BER)

Olaparib
Rucaparib Veliparib

Niraparib
Talazoparib

Apoptosis

PARP-3

PARP-1

PARP-2

PARP-3

PARP-1

PARP-2

Fig. 1 PARP inhibitors in BRCA1/2-mutant pancreatic cancer. The figure shows the PARP inhibitors that have been evaluated in pancreatic
ductal adenocarcinoma, together with their mechanism of action. PARP enzymes are crucial in the homologous recombination system,
particularly in base-excision repair. By binding to the catalytic site of PARPs, PARP inhibitors block their activity and trap the enzymes inside
the DNA. PARPi lead to a significant accumulation of DNA double-strand breaks, resulting in cell death through the phenomenon of synthetic
lethality when BRCA1/2 is deficient. Olaparib and rucaparib target PARP-1, PARP-2 and PARP-3, whereas veliparib, niraparib and talazoparib
target PARP-1 and PARP-3. PARP poly-ADP ribose polymerase.
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patients for >1 year (13 months and 15 months, respectively). The
seven responding patients included those with germline BRCA2
mutations (n= 4), germline PALB2mutations (n= 2) and a somatic
BRCA2 mutation (n= 1). The authors concluded that rucaparib
maintenance shows encouraging disease control with an accep-
table safety profile (the most common adverse events being
nausea (grade 1, 41.6%; grade 2, 4.2%), dysgeusia (grade 1, 33.3%)
and fatigue (grade 1, 25%)).

PARPi plus chemotherapy
Veliparib was evaluated in combination with FOLFIRI versus
FOLFIRI alone in a Phase II study of patients with metastatic PDAC,
of whom 11 (9%) had HRD, including four germline mutations (in
BRCA1, BRCA2, ATM) and seven somatic mutations (in BRCA2,
PALB2, ATM, CDK12) [95]. An additional 24 patients (20%) had
germline mutations (n= 11, e.g. in FANC, BLM, SLX4, CHEK2) or
somatic mutations (n= 13, e.g. in FANC, BLM, POLD1, RIF1, MSH2,
MSH6) in other DNA repair genes that are not classified as
featuring in HRD. A planned interim futility analysis at 35% of
expected PFS events showed that the combination of veliparib
and FOLFIRI was unlikely to be superior to FOLFIRI; moreover, an
increased toxicity was observed (most common grade 3/4 adverse
events: neutropenia (33% versus 20%), fatigue (19% versus 4%)
and nausea (11% versus 4%)) [92].
In the Phase II trial by Pishvaian et al. [96], patients were

preselected to receive veliparib plus modified FOLFOX6 if they had
either a pathogenic germline or somatic HRD mutation (in BRCA1/2,
PALB2, ATM), and/or a family history suggestive of breast cancer or
ovarian cancer syndrome. The primary objective was ORR, whereas
key secondary endpoints were PFS and OS. The treatment
combination was well tolerated and showed promising efficacy,
especially in platinum-naive patients who had a positive family history
and/or harboured HRD mutations, for which the ORR was 58%.
A multicentre, randomised, prospective, Phase II trial showed

promising activity of the combination of cisplatin and gemcitabine
in patients with advanced or metastatic germline BRCA/PALB2-
mutant PDAC [82]. In this study, 50 patients were treated with
cisplatin and gemcitabine plus or minus veliparib (arms A and B,
respectively). The response rate, the primary endpoint of the
study, was high in both groups (74% arm A versus 65.2% arm B);
the addition of veliparib did not improve the response (P= 0.55).
Interestingly, the 2- and 3-year survival rates of the entire cohort
observed in this study are the longest reported in any randomised
trial in PDAC (30.6% and 17.8%, respectively). More grade 3–4
haematologic adverse events and dose reductions were observed
in arm A than in arm B. However, although the addition of
veliparib did not improve the response rate, this study supports
the effectiveness of cisplatin plus gemcitabine for the treatment of
patients with advanced germline BRCA/PALB2-mutant PDAC, thus
suggesting this regimen as a standard approach in this patient
population [82].

PARPi: overcoming hurdles
Unfortunately, the emergence of PARPi resistance is not uncom-
mon. The mechanisms of resistance so far explored include
restoration of HR, stabilisation of the replication forks, alternative
mRNA splicing, reduced PARP-1 trapping, P-glycoprotein-
mediated drug efflux, cell-cycle control alterations, changes in
miRNA expression patterns and dysregulation of signalling path-
ways [97]. Restoration of HR is the most studied event, and can
result from genetic and epigenetic phenomena. The development
of secondary, reversion mutations that lead to the restoration of
BRCA expression seems to be the main underlying mechanism and
has been described in various patients with BRCA2-mutant PDAC
who developed resistance to PARPi with or without platinum [98–
100]. The loss of BRCA1 promoter methylation might also restore
the expression of functional BRCA1 to levels similar to those seen
in HR-proficient tumours [98]. Ta
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The occurrence of PARPi resistance reflects the complexity and
heterogeneity of BRCA1/2-mutant PDAC and requires further
studies to fully understand the underlying mechanisms and to
explore potential therapeutic strategies to overcome this issue.
Current trials are investigating the safety and efficacy of PARPi

as a single agent and in combination with other drugs, both in the
early and in the metastatic setting (Table 4). In particular, the
combination of PARPi and immunotherapy is one of the latest
approaches to treatment. PARP inhibition might cause BRCA-
mutant tumours to become sensitive to immunotherapy not only
by enhancing tumour immunogenicity through an increase in
tumour antigen burden but also by increasing the expression of
the immune checkpoint protein programmed death-ligand 1 in
tumour tissue through the ATM–ATR–CHK1 pathway [101]. Data
from these trials will hopefully provide new information on the
management of patients with BRCA-mutant PDAC.

CONCLUSIONS
BRCA1/2-mutant PDAC represents a type of PC with specific
disease features that are still to be fully understood. BRCA1/2-
mutant PDAC represents the largest molecular subgroup of
pancreatic cancer, and BRCA1/2 genes alterations are the most
explored ‘targetable’ mutations in prospective interventional
clinical trials. In the era of precision medicine, this aspect appears
crucial in PDAC, where the vast majority of efforts using agents
against other molecular targets have provided disappointing
results [2]. The discovery of the involvement of BRCA1/2 in PDAC
development should lead to more attention being focused on the
family history to identify which patients and relatives should be
considered for genetic counselling.
No specific randomised trials have been conducted to

investigate potential differences between germline and somatic
mutations in BRCA1/2; most trials have focused on germline
alterations and only a few patients with somatic BRCA-mutant
PDAC have been enrolled. Owing to the biological rationale of HR
mechanisms in which BRCA1/2 are involved, the BRCA1/2 PDAC
landscape requires further research with traditional cytotoxic
agents, especially platinum-based chemotherapy, and at the same
time opens a new chapter on innovative therapeutic strategies—
namely, PARPi as a single agent and in combination with other
drugs. Unfortunately, no gain in OS has been reported with PARPi
monotherapy and patients develop resistance [67]. Further
research is urgently needed in order to improve PDAC survival
outcomes. In this respect, an assessment of the association
between PARPi and immunotherapy seems promising. Many
questions remain unanswered and the lack of biomarkers to
improve the treatment choice and clinical outcomes presents a
challenge. Thus, the identification of predictive markers is crucial.
The concept of ‘BRCAness’ has emerged to describe the high‐
grade genomic instability present in non‐BRCA‐mutated cancers
that resembles tumours originating from germline BRCA‐mutated
carriers, and represents a phenotype of defective HR to which
somatic mutations in different HR genes, such as BRCA1/2, ATM,
PALB2, CHEK1, RAD51, and FANCA, can contribute. BRCAness is
under evaluation as a biomarker for DNA-damaging agents and
PARPi, but its measures and its predictive role still require further
investigation [49, 102]. Germline mutations that are involved with
BRCA1/2 and the HR pathway (e.g. ATM, PALB2, ATR, RAD 51,
CHEK2, FANCA and BRIP1) have also been considered as potential
predictive biomarkers for the same treatment strategies. Currently,
clinical trials are assessing PARP inhibitors in patients with PDAC
harbouring PALB2, ATM, CHEK2 germline mutations. On the other
hand, the role of other germline mutations in the HRD pathway
remains to be determined [49]. In the era of precision medicine,
further studies are needed to identify predictive biomarkers in
order to apply a better selection of patients with BRCA-mutant
PDAC with the aim to offer them a tailored treatment.
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