Received: 13 July 2021

Revised: 18 September 2021

Accepted: 21 September 2021

DOI: 10.1002/ags3.12514

REVIEW ARTICLE

-

Annals of Gastroenterological Surge
2 AGSurg Ao Gornnerdoged S
e —_——

=== WILEY

Germline Variants in DNA Damage Repair Genes: An
Emerging Role in the Era of Precision Medicine in Pancreatic

Adenocarcinoma

Sami Shoucair! | Andrew R. Baker? | Jun Yu!

1Department of Surgery, Johns Hopkins
University School of Medicine, Baltimore,
MD, USA

2Cellular and Molecular Medicine Graduate
Program, Johns Hopkins University School
of Medicine, Baltimore, MD, USA

Correspondence

Jun Yu, Division of Hepatobiliary and
Pancreatic Surgery, Johns Hopkins
University, 600 N. Wolfe Street, Blalock
603, Baltimore, MD 21287, USA.

Email: jyu41@jhmi.edu

Abstract

Pancreatic adenocarcinoma is a lethal disease that is projected to become the second
most common cause of cancer deaths by 2030. The role of adjuvant therapy after
surgical resection has been established by several clinical trials to prolong survival
and improve outcomes. Multiagent chemotherapy seems to be the most promising
approach to counteract early recurrence and improve survival; however, in the era
of precision medicine, patient selection and individualized therapy seems to hold the
key to desirable superior outcomes. Several cancer susceptibility genes have been
proven to be associated with an increased risk of pancreatic cancer, both familial
and sporadic cases. The role of genomic profiling for germline variants has been ex-
tensive and of limited clinical value, considering their low prevalence in pancreatic
ductal adenocarcinoma (PDAC). However, an accumulating body of evidence from
several studies in the past decade have successfully shown a recognizable value of
germline variants in risk assessment and patient stratification. Recently, anti-PD-1
therapy (pembrolizumab) has been FDA-approved for use in solid malignancies with a
Mismatch repair deficiency or high Microsatellite instability. Several trials have evalu-
ated the role of poly (ADP-ribose) polymerase (PARP) inhibitors in patients harbor-
ing germline BRCA1/2 mutations. Finally, germline variants in DNA damage response
genes and particularly deleterious ones have the potential to guide therapy after
surgical resection and serve as biomarkers to predict survival. The dire need to ad-
dress challenges for applying precision medicine in real-life clinical settings for PDAC
patients lies in further characterizing the genetic and molecular processes through

translational research.
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1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease largely
attributed to late presentation, early recurrence, and resistance to
treatment. Pancreatic cancer remains the fourth leading cause of
cancer-related deaths in both males and females, with an increased
estimated number of new cases and deaths compared to 2020.
According to the most recent cancer statistics in the United States,
the estimated number of new pancreatic cancer cases in 2021 is
60,430 cases with 48,220 estimated deaths.! At this rate, it is pro-
jected that PDAC will become the second most common cause of all
cancer-related deaths by 2030.2

Despite the advancement in diagnostic modalities and surgical
techniques, only 20% of patients diagnosed with pancreatic adeno-
carcinoma have resectable disease at the time of diagnosis.® Further
understanding the aggressive biology and the delayed presenta-
tion of patients with PDAC is crucial to identify methods for early
detection. In that regard, Yu et al* evaluated 13,131 patients from
the National Cancer Institute's Surveillance, Epidemiology and End
Results database in an attempt to evaluate the rate of progression of
PDAC. The results showed that the rapid progression of tumor size
from low to advanced stage occurs once lesions become clinically
detectable. It also showed that progression from T1 stage to T4 oc-
curred within only 14 mo.

Consequently, the role of a comprehensive treatment plan be-
came apparently essential to achieve curative therapy with a lower
chance of early recurrence and systemic spread. This is where mul-
timodal chemotherapy in the neoadjuvant and/or adjuvant setting
comes into play, offering patients an increased chance of curative
resection and improved survival outcomes.” Unfortunately, tumor
heterogeneity and resistance to therapy have deemed the avail-
able treatments very limited at achieving desirable outcomes.®

Particularly, the genetic and epigenetic modifications within the

tumor parenchyma and its microenvironment create different phe-
notypic variants and molecular subtypes.® The resulting tumor
heterogeneity can influence the response to therapy and clonal evo-
lution of cancer cells.

The fact that the majority of patients with PDAC recur after
surgery provides evidence that certain populations of cancer cells
persist locally after resection or systemically where they would then
develop into clinically detectable lesions. As such, systemic chemo-
therapy agents, administered before or after surgery, also play a role
in clonal selection and expansion of resistant cancer cell popula-
tions.” Although the mechanism for clonal selection and resistance is
poorly understood, further understanding of the biology and genetic
basis of the evolution of PDAC would allow us to develop and ad-
minister targeted therapies in a personalized fashion. In this review
we present a timeline of the progression in the evidence supporting
the role of adjuvant therapy in the treatment of PDAC, as well as a
review of germline mutations in cancer susceptibility genes and their
potential role in early detection and targeted therapy for pancreatic

cancer in the precision medicine era.

2 | ADJUVANT CHEMOTHERAPY IN
PANCREATIC ADENOCARCINOMA

The role of adjuvant chemotherapy in pancreatic cancer has wit-
nessed an accumulation of evidence from several studies since the
early 1990s (Table 1). The European Study Group of Pancreatic
Cancer (ESPAC-1) was the first multicenter trial to bring forth the
benefit of 5-fluorouracil (5-FU)-based chemotherapy as an adjuvant
therapy after curative surgical resection. The results showed that
the median overall survival (OS) was 19.7 mo in the chemotherapy
group compared to 14 mo in the group without adjuvant chemo-
therapy (P = .005).8 In 2004, the ESPAC group published long-term

TABLE 1 Survival outcome from randomized controlled trials with adjuvant therapy for PDAC after surgical resection

Median OS P 5-y OS
Trial Country Treatment arms (mo) HR value (%)
ESPAC-1 Europe 5 FU + Folinic acid 19.7 0.66 .005 211
Surgery alone 14 8
CONKO-001 Germany and Austria Gemcitabine 22.8 0.76 .01 20.7
Surgery alone 20.2 10.4
ESPAC-3 Europe 5 FU + Folinic acid 231 0.94 .39 15.9
Gemcitabine 23.6 17.5
JASPAC-01 Japan S-1 prodrug 46.5 0.57 <.001 441
Gemcitabine 25.5 24.4
PRODIGE 24 France and Canada mFOLFIRINOX 54.5 0.64 .003  63.4°
Gemcitabine 35 48.67
APACT North America, Europe, Australia nab-Paclitaxel + Gemcitabine 40.5 0.82 .0045 -
Gemcitabine 36.2 =

Abbreviations: HR, hazard ratio; OS, overall survival.
23-y OS (%).
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follow-up results with a 5-y OS of 21.1% in the adjuvant therapy
group compared to 8.4% in the surgery alone group (P = .009), con-
firming the survival benefit of adjuvant chemotherapy after surgical
resection in pancreatic adenocarcinoma.’”

The long-term results of the CONKO-001 (Charite Onkologie
001) randomized trial published in 2013 reported the impact of
adjuvant therapy on survival when compared to surgery alone.
Adjuvant therapy following curative surgical resection increased the
median disease-free survival (DFS) from 6.7 mo with surgery alone
to 13.4 mo (P < .001).2° The median OS was 22.8 mo in the group
receiving adjuvant gemcitabine therapy compared to 20.2 mo in the
group undergoing surgical resection without adjuvant chemother-
apy.10 Furthermore, the 5-y OS increased from 10.4% in the sur-
gery alone group to 20.7% in the adjuvant therapy group as well as
10-y overall survival at 12.2% and 7.7%, respectively.!! Overall, the
strength of the CONKO-001 trial lies in the multicenter trial design,
which accrued patients from 88 different hospitals, including com-
munity hospitals, in Germany and Austria, allowing generalization of
the already established role of adjuvant therapy in PDAC.

Although ESPAC-3 reported no significant difference in OS
between a combination of 5-FU and folinic acid compared to gem-
citabine, the Japanese JASPAC-01 trial randomized 385 patients
into an S-1 group (fluorouracil-based prodrug) and a gemcitabine
group.'? The results showed that 5-y OS in the $-1 group was 44.1%
compared to 24.4% in the gemcitabine group; however, the efficacy
of S-1 prodrug on Western and non-Japanese populations limits the
generalizability of these findings.'®

In 2018, the PRODIGE trial was a landmark trial that reported
findings revolutionizing the role of combination chemotherapy as
an adjuvant treatment of PDAC based on the success of fluoro-
uracil, leucovorin, irinotecan, and oxaliplatin (FOLFIRINOX) in the
metastatic setting. Although the modified FOLOFIRNOX group
was associated with a higher incidence of therapy-related toxicity,
the median OS was 54.4 mo compared to 35 mo in the gemcit-
abine group (P = .003).** More recently, the APACT phase Ill study
aimed at evaluating the efficacy and safety of a combination of nab-
paclitaxel (ABRAXANE) with gemcitabine vs gemcitabine alone in
surgically resected pancreatic cancer showing a survival benefit of
nab-paclitaxel combined with gemcitabine with an OS of 40.5 mo vs
36.2 mo in gemcitabine alone (P = .045).1>¢ Long-term results with
additional OS follow-up will offer a better assessment of the role
of ABRAXANE with gemcitabine combination therapy in adjuvant
therapy.

3 | DNA DAMAGE AND DNA REPAIR

On a large scale, DNA damage can occur due to exogenous agents
such as exposure to ionizing radiation or due to endogenous cellu-
lar processes (replication error, hydrolysis, nitrogen base oxidation,
etc). If the resultant damage involves a single DNA strand, a single-
strand break (SSB) can occur. In cases where SSBs are due to a single

base modification, base-excision repair (BER) excises and replaces
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the inappropriate nucleotide with the correct one (Figure 1). If a
DNA strand break involves a larger DNA segment, causing distor-
tion in the DNA helix, nucleotide-excision repair (NER) removes and
resynthesizes a sequence of several nucleotides. Mismatch repair
is another repair mechanism that is mostly responsible for detect-
ing and repairing erroneous base pairings that occur during replica-
tion. Mismatch repair (MMR) proteins such as MLH1, MSH2, MSHé,
PMS2, and Mut complex are involved in recognition, cleavage, and
incorporation of the correct nucleotide.’’

When an unrepaired SSB is encountered by a replication fork,
an SSB can transform into a double-strand break (DSB). In this case,
DSBs can be repaired by either Homologous Recombination (HR)
or Non-homologous End Joining (NHEJ) (Figure 2). HR between
homologous DNA segments is the “preferred” mechanism, since it
is less likely to cause errors in DSB repair, whereas NHEJ is more
error-prone. The key proteins involved in recognition and repair of
double-stranded DNA breaks via the homologous recombination
repair (HRR) pathway are BRCA1, BRCA2, PALB2, and ATM; those
involved in NHEJ include DNA protein kinases (DNA-PKcs), Ku70/80
heterodimer, DNA polymerases, and DNA ligases.'8

Repair of DSBs by HR occurs during the S/G2 phase of the cell
cycle; during this phase, BRCA proteins are also highly expressed.??
Several studies have also shown that other proteins from known
cancer susceptibility genes such as ATM, RAD51, CHK2, and oth-
ers are also regulated in tandem with BRCA proteins and associated
with a similar role where different pathways work together to re-
pair DNA damage. Mutations in the HRR pathway genes will cause
abnormal HRR functions, leading to genome instability. BRCA pro-
teins play an important role in HR during DNA repair; thus, cells that
are deficient in BRCA have impaired HR. This would lead the cell to
seek other methods such as NHEJ or single-strand annealing, which
are more prone to error leading to structural variation and chromo-
somal instability.?° During NHEJ, the single-strand overhangs of the
broken ends are removed before end-joining, which leads to small
insertions or deletions. If the repair fails and a DSB occurs at one
end of the DNA segment, NHEJ would fuse that segment with any
other nonadjacent double-strand broken end that is available, which
can ultimately lead to large deletions or translocations and structural
variation.

Poly (ADP-ribose) polymerase (PARP) is an enzyme that is in-
volved in repair of SSB through base excision repair. Normal cells
rely on both SSB repair by PARP and DSB repair by HR (the promi-
nent role of BRCA 1 and 2), which would maintain genomic integrity
and survival.” Cancer cells with mutant BRCA rely on PARP to avoid
stalls in the replication fork and converting an SSB to a DSB. A PARP
inhibitor would inhibit the role of PARP in SSB repair, deliberately
leading to a stall in the replication fork and creation of a DSB. In
the case of normal cells with an intact BRCA protein, DSB can be
repaired through HR; however, in BRCA-deficient cancer cells, DSBs
cannot be repaired, leading to their accumulation and cell death (in
this case, tumor cell death). In the past few years, several clinical
trials have evaluated the role of different PARP inhibitors (olaparib,

velaparib, and rucaparib) on disease response rate and survival in
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FIGURE 1 DNA damage and mechanisms involved in DNA damage repair of single-strand (SSB) and double-strand breaks (DSBs)

advanced PDAC, showing promising results. For instance, O'Reilly
et al demonstrated an improved median OS of 23.3 mo for PDAC
cases with germline BRCA1/2 treated with a combination of velapa-
rib, cisplatin, and gemcitabine compared to a median OS of 11 mo
among those harboring a wildtype BRCA1/2. The results of the
most prominent clinical trials on PARP inhibitors are summarized in
Table 221726

4 | PRECISION MEDICINE AND CANCER
SUSCEPTIBILITY GENES

Genetic mutations and aberrant target pathways have played an
important goal in the direction of precision treatment of pancreatic
cancer. Immunotherapy drugs targeting immune checkpoints in the
tumor microenvironment have long been researched in solid tumors.
The most popularimmune system checkpoint is the programmed cell
death protein 1/programmed death-ligand 1 (PD-1/PD-L1) where

the PD-1 receptor on T-cells binds to the PD-L1 on cancer cells, lead-
ing to suppression of T-cell activation.?” Targeting PD-1 allows the
inhibition of this interaction, which would prevent T-cell apoptosis
and promote tumor growth inhibition instead.

Pembrolizumab (anti-PD-1 antibody) was recently FDA approved
for patients with unresectable or metastatic solid tumors with mis-
match repair deficiency (dMMR) or MSI-H.28 With 1%-2% of pa-
tients with PDAC having dMMR or MSI-H, immunotherapy holds
enough promise to improve outcomes, especially when combined
with other cytotoxic chemotherapy regimens where anti-PD-1 ther-
apy has been shown to enhance the efficacy of other therapies.?’
Clinical trials investigating other antibody-based targeted immuno-
therapies such as anti-CTLA-4, anti-EGFR as well as others targeting
specific cytokines are currently underway.*°

Several susceptibility genes have been well established in famil-
ial pancreatic cancer, including BRCA2 (most frequent; 5%-10% of
familial pancreatic cancer cases), ATM (second most frequent; 2%-
3% of familial cases), PALB2, CDKN2A, PRSS1, STK11, MLH1, and
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FIGURE 2 Mechanism of action of
poly (ADP-ribose) polymerase (PARP)
inhibitors in homologous recombination
(HR) deficient (mutant BRCA) and HR
intact (wildtype BRCA) patients
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MSH2 genes.?3> These pathogenic germline mutations have also
been reported in up to 3%-5% of sporadic pancreatic cancer cases
(Table 3).367%

A recent study from Johns Hopkins Hospital evaluated 854 pa-
tients with sporadic pancreatic adenocarcinoma to determine the
prevalence of germline mutations and pancreatic cancer suscepti-
bility genes.36 After DNA extraction, next-generation sequencing
(NGS) was performed with a 32-gene panel including 10 known
pancreatic cancer susceptibility genes (BRCA2, ATM, PALB2, BRCA1,
CDKN2A, MLH1, MSH2, PRSS1, STK11, and TP53), a list of seven
known cancer susceptibility genes (MSH6, PMS2, CDH1, RAD51C,
RAD51D, BUB1B, and FANCJ), and candidate pancreatic cancer sus-
ceptibility genes, some of which are FANCA, FANCC, FANCG, FANCL,
ARID1A, RECQL4, and others.

Of the 854 patients with pancreatic adenocarcinoma, 33 (3.9%)
had a deleterious germline mutation (12 with germline BRCA2 mu-
tation, 10 with ATM, two with PALB2, two with MLH1, one with
CDKN2A, and one with TP53). In addition, 2/254 (0.2%) had a mu-
tation in one of the candidate pancreatic cancer susceptibility
genes (one of each BUB1B and BUB3) as well as 3/854 (0.3%) har-
bored a deleterious mutation in other known cancer susceptibility
genes (CDH1, RAD51D, and RAD51B). When compared to a cohort
of 339 patients with diagnoses other than pancreatic adenocarci-
noma, 5/339 (1.5%) had a deleterious germline mutation compared
to the 33% in the pancreatic adenocarcinoma cohort (P = .02).%¢ The

value of this study lies in demonstrating the relatively high yield of

Accumulation Successful
of DSBs l DNA repair
Cell
Survival

deleterious germline mutations in patients diagnosed with PDAC
lacking any family history of pancreatic cancer.

Identifying these germline mutations in individuals diagnosed
with pancreatic cancer would offer their relatives the chance for
screening and early detection, as well as prevention strategies.
Furthermore, patients harboring a BRCA mutation can receive tar-
geted therapy with poly (ADP-ribose) polymerase inhibitors or
platinum-based therapies. The National Comprehensive Cancer

Network??

guidelines for genetic testing candidates for gene testing
include individuals with a close relative with pancreatic cancer, those
who are of Ashkenazi Jewish descent with pancreatic cancer, and
individuals with a close blood relative with ovarian cancer or young-
onset breast cancer.*? Extrapolating these indications to the find-
ings of the previously mentioned study would greatly underestimate
the patients who could potentially have therapeutically targetable

mutations.

5 | PRECISION MEDICINE AND DNA
DAMAGE REPAIR GENES

A recently published work by Pishvaian et al performed a retrospec-
tive analysis of the survival status of pancreatic cancer patients
in the Know Your Tumor (KYT) initiative. Among the 677 patients
who were finally included in the analysis, 189 patients had molecu-

lar changes with therapeutic guiding significance, and 46 of them
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TABLE 3 Recent studies reporting frequency of most common germline mutations in sporadic pancreatic adenocarcinoma

BRCA2N BRCAIN ATMN
N (%) (%) (%)
Grant et al (2015) 290 2(0.69) 1(0.34) 3(1.03)
Shindo 854 12 (1.41) 3(0.35) 10 (1.17)
et al (2017)
Hu et al (2018) 2999 57 (1.9) 18 (0.6) 60 (2)
Brand et al (2018) 298 4(1.34) 4(1.34) 10 (3.36)
Yurgelun 289 4(1.38) 3(1.04) 4(1.38)
et al (2019)
Rapposelli 60 3(5) 1(1.67) 2(3.33)
et al (2021)
Mutation 4790 82(11.7) 30(5.3) 89 (12.2)
frequency (%)

received matched treatment.*® The matched treatments in the study
included administering several targeting therapies, some of which
are immune checkpoint inhibitor therapy to patients with dMMR,
HER2 antibody therapy to patients with abnormal amplification or
activation of HER2, and PARP inhibitor to patients with homologous
recombination DNA damage response and repair pathway genetic
changes and others. The results showed that the OS of patients
who received molecularly matched therapy was significantly longer
than that of patients who did not receive matched therapy (2.58 y vs
1.51y, HR = 0.42, P = .0004), and also significantly longer than pa-
tients without molecular changes with therapeutic guidance (2.58 y
vs 1.32'y, HR = 0.34, P < .0001).3

Golan et al recently published results from the landmark Pancreas
Cancer Olaparib Ongoing (POLO) trial with great promise to change
practice in pancreatic cancer. The POLO trial was based on evidence
from previous studies showing that PARP inhibitors can offer bet-
ter outcomes in patients with germline BRCA mutation compared to
those with the wildtype BRCA gene. The trial aimed at evaluating
the efficacy of olaparib maintenance therapy in patients harboring a
germline BRCA1 and BRCA2 mutation and a diagnosis of metastatic
PDAC. The results showed that maintenance PARP inhibitor ther-
apy (olaparib) significantly increased progression-free survival in pa-
tients with metastatic PDAC compared to placebo (7.4 mo vs 3.8 mo,
P = .004); however, it did not show any benefit in prolonging 0S.%°
The results from this trial remain inspiring and promising to show
that variation in DNA damage repair (DDR) genes may influence the
response to certain chemotherapy regimens that is a gateway to the
era of precision therapy in pancreatic cancer therapy.

The question that remains to be answered is if a large cohort
of DDR genes would influence the response to chemotherapy in
patients with sporadic pancreatic cancer and potentially influence
decision-making in the clinical setting. Our recently published arti-
cle aimed at evaluating the potential impact of 22 DDR genes on
survival outcomes in patients with sporadic PDAC as well as their
possible role in sensitizing these patients to chemotherapy regi-
mens, specifically platinum-based chemotherapy. A cohort of 854
patients diagnosed with sporadic PDAC between 2000 and 2015 at

PALB2N ~ CDKN2AN  TP53N  MLHIN  MSH2N  MSH6N
(%) (%) (%) (%) (%) (%)

- - 1(0.34) 1(0.34) 2(0.68)  1(0.34)
2(0.23) 1(0.11) 1(011)  2(0.23) - -
12(0.4) 9(0.30) 6(0.2) 3(0.1) 1(0.03)  6(0.2)
1(0.33) 1(0.33) 1(033) - - 1(0.33)
1(0.34) 2(0.69) 1(0.34) - 1(0.34)  2(0.69)
1(1.66) - - = - -

17 (2.9) 13 (1.4) 10(1.3)  60.68)  4(1.1) 10 (1.5)

the Johns Hopkins hospital were selected. All patients underwent
NGS to identify germline variants with a 32-gene panel including
22 DDR genes. The final cohort included in the analysis consisted
of 210 patients with one or more germline DDR mutation (19 dele-
terious variants, 103 VUS variants) and 375 patients with wildtype
pancreatic cancer susceptibility genes.44

Among the 122 patients with germline DDR gene variants, 14/19
(73.6%) deleterious patients and 77/103 (74.7%) VUS (variant of un-
known significance) carriers underwent adjuvant chemotherapy.
In the wildtype cohort (N = 375), 274 (73.1%) underwent adjuvant
therapy. On multivariable analysis, the presence of germline variants
(both deleterious and VUS carriers) was an independent predictor of
worse DFS when compared to wildtype (HR = 0.462, P = .002 and
HR = 0.784, P = .045, respectively). However, only deleterious vari-
ants and not VUS variants were independently predictive of a worse
OS (HR = 0.517, P = .014 and HR = 0.875, P = .275, respectively).**
Hypothesizing that patients with these DDR variants would bene-
fit more from receiving adjuvant therapy, patients receiving neo-
adjuvant therapy were excluded and the two cohorts were further
stratified into those undergoing adjuvant therapy and those without
adjuvant therapy; DFS and OS were compared in patients harboring
DDR variants and wildtype status. On the one hand, among patients
undergoing adjuvant therapy, deleterious variant carriers (n = 13)
had improved DFS and OS and VUS variant carriers (n = 65) had sig-
nificantly improved DFS when compared to wildtype. On the other
hand, no significant improvement in DFS or OS was noted in patients
who did not undergo adjuvant therapy.

6 | DISCUSSION

The advances in cancer genomics research as well as the deep un-
derstanding of carcinogenic pathways in the tumor microenviron-
ment and the immune system have paved the way for the precision
medicine era. The clinical applications of this individualized medi-
cine approach have unveiled a great potential for early screening,

risk prediction, and targeted therapies. However, the heterogeneity
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of pancreatic adenocarcinoma mandates that before precision
drugs can be applied to clinical practice, it is important to gain an
in-depth understanding of the pathways governing tumor initia-
tion, progression, and invasion. Only then can we identify targets
that are actionable and offer patients the chance of receiving indi-
vidualized therapies that “match” their tumor profile. Consequently,
larger-scale prospective clinical studies would provide support for
precision medicine and formulate drug application guidelines for
precision treatment.

The molecular landscape of PDAC has received respectable in-
vestigational efforts directed towards understanding this lethal
disease both at the genomic and transcriptomic level. The somatic
mutations of the four “mountain” or driver genes, namely, KRAS,
TP53, SMAD4, and CDKN2A, are now recognized as the fundamen-
tal genetic alterations governing the carcinogenesis of PDAC from
initiation to progression and dissemination. The role of germline
mutations in cancer susceptibility genes has been strongly associ-
ated with familial predisposition; however, evidence supporting their
significance in sporadic cases of pancreatic adenocarcinoma has re-
cently begun to emerge.

Based on the different studies presented in this review article,
pathogenic germline mutations have also been reported in up to
3%-5% of sporadic pancreatic cancer cases. First, identification of
germline DDR gene variants in patients diagnosed with sporadic
pancreatic cancer can be of clinical importance by offering their
relatives genetic testing for determination of high-risk individuals
and detection of cancerous lesions early.*> Second, germline ge-
netic data can be a useful tool in risk assessment of early recurrence
and potentially the role of adjuvant therapy after surgical resection.
Third, the potential of identifying actionable gene mutations would
justify the importance of routine genetic testing for all patients di-
agnosed with PDAC.

Germline mutations in BRCA1/2 genes have been proven to be
of great value in patient stratification for individualized therapy.
Patients diagnosed with ovarian cancer bearing germline BRCA gene
mutations were shown to have a superior response to platinum-
based chemotherapy compared to other chemotherapeutic drugs
as well as a response to PARP inhibition.***” The role of PARP in-
hibitors in pancreatic cancer patients with germline mutations has
been investigated by multiple clinical trials, including olaparib (Clini
calTrials.gov Identifier: NCT01078662, NCT02184195) and velipa-
rib (NCT01585805, NCT02890355).487%° The results of the phase I
POLO trial showed great promise for the clinical benefit of olaparib
maintenance therapy for patients with germline BRCA mutations and
metastatic pancreatic cancer. However, the proportion of patients
with sporadic PDAC harboring a germline BRCA mutation who would
benefit from receiving PARP inhibitors as a targeted therapy is low.
As such, early results from trials investigating novel generations of
PARP inhibitors have demonstrated efficacy of these therapies ex-
tending beyond germline BRCA variants to include germline PALB2 as

well.>©

A recent study by Blair et al showed that out of 658 patients
identified over a 15-y period with resected PDAC and no identifiable

family history, only 22 (3%) patients had a germline BRCA1 or BRCA 2

mutation.’ On a bright note, these patients were identified to have
a worse OS compared to matched patients with BRCA1/BRCA2 wild-
type genes (20.2 vs 27.8 mo, respectively, P = .034) with a significant
improvement in survival among those who received platinum-based
adjuvant therapy compared to alternative chemotherapy (31.0 vs
17.8 vs 9.3 mo, respectively, P < .001).%!

The clinical application of precision medicine is not without
challenges. Although Pishvaian et al identified about a quarter of
patients with actionable genetic alterations, only 4% of the more
than 1000 patients included in the KYT initiative actually received a
molecularly matched therapy.*® Thus, continued efforts are genetic
testing and research to identify novel markers for targeted thera-
pies and risk stratification is essential. Our recently published work
evaluating 22 DDR genes showed that sporadic PDAC patients with
deleterious DDR gene mutations would significantly benefit from
receiving systemic adjuvant therapy after surgical resection. Multi-
institutional prospective studies and clinical trials are warranted
to further evaluate the responsiveness of germline DDR variants
to different chemotherapeutic regimens in the both the adjuvant
as well as neoadjuvant settings. Further studies aimed at under-
standing the role of mutations in pancreatic cancer susceptibility
genes other than BRCA such as ATM and PALB2 are necessary to
identify their potential in risk assessment and targeting.** Although
large gene panels are spanned with uncertain variants and variants
of unknown significance, further research and analysis of germline
genetic data will render that ambiguity temporary and offer poten-
tially useful tools in risk stratification and patient selection. Thus,
exploring VUS variants and their clinical significance could offer new
opportunities to further characterize the role of germline mutations
in precision medicine. Consequently, once the value of these differ-
ent genetic determinants is identified, larger genetic datasets will be
organized in more focused and easily applied gene panels for clini-
cal use. Finally, an important limitation to be considered is the low
frequency of germline mutations detected in PDAC in spite of the
growing body of evidence in the literature reporting the feasibility of
detecting these deleterious mutations. In fact, a challenge of molec-
ular profiling in general extends to detecting germline variants as the
actionability of these biomarkers as well as their cost-effectiveness

is still unknown and not guaranteed.

7 | CONCLUSION

The field of genomic profiling and pancreatic cancer genetics is on the
rise and has shown promising results so far in identifying susceptibility
genes that can greatly contribute to our endeavors in precision ther-
apy. The accumulating evidence presented in this review emphasizes
the necessity for further research dedicated to the discovery of novel
biomarkers in cancer susceptibility genes and their germline variants.
Genomic profiling to detect germline variants, and DDR genes in
particular, is of great importance as a prognostic biomarker and po-
tential target for individualized therapy in sporadic PDAC. Although

most pathogenic variants discovered so far are rare, their established
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role so far has been undeniably valuable. The application of precision
medicine in real-time clinical settings has its own challenges; however,
there should be no doubt in the scientific community that the future
of pancreatic cancer treatment is in our hands to fully characterize
the genetic, epigenetic, and molecular determinants of its aggressive

nature to better serve a population in need of targeted therapy.
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