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ABSTRACT
◥

Pancreatic cancer, a complex disease, emerges as a severe
health problem worldwide and it exhibits a poor prognosis and
high mortality. Risk factors associated with sporadic pancreatic
cancer remain poorly understood, even less is known about
disease prognosis due to its rapid progression. The PANcreatic
Disease ReseArch (PANDoRA) consortium, of which the authors
are members, was established to coordinate the efforts of differ-
ent research groups to uncover new genetic factors for pancrea-
tic cancer risk, response to treatment, and patient survival.
PANDoRA consortium has contributed to the identification of

several low-penetrance risk loci for the disease both by candidate
variants approach and genome-wide association studies, includ-
ing those in cell-cycle and DNA damage response, telomere
homeostasis, SCL and ABC transporters, ABO locus variability,
mitochondrial metabolism and it participated on collaborative
genome-wide association study approach and implementation of
a search for functional-based pancreatic cancer risk loci and long
noncoding RNAs. Complex studies covering genetic, environ-
mental and microenvironmental factors in the pancreatic cancer
onset, progression and its prognosis are warranted.

Pancreatic Cancer: Importance and
Genetics

Pancreatic cancer ranks among frequent malignancies with more
than 458,918 new cases in 2018 (http://gco.iarc.fr/today/online-
analysis-table) worldwide; it exhibits a poor prognosis and high
mortality (1). Pancreatic ductal adenocarcinoma (PDAC), the most
common subtype of pancreatic cancer, is anticipated as the second
leading cause of cancer death in the United States by 2030 (2). Less
than 10% of PDAC cases are familial: germline mutations in
BRCA1/2, ATM, CHEK2, PALB2, and CDKN2A contribute to the
mechanisms of malignant transformation. Somatic KRASmutations
occur in a majority of tumors and with mutations in SMAD4,
CDKN2A, and TP53 represent the most common genetic changes in
sporadic PDAC (3). These genetic alterations along with low-
penetrance loci and other risk factors (obesity, insulin resistance,
type 2 diabetes mellitus, smoking, personal history of pancreatitis,
age, family history of PDAC or other cancers, exposure to ionizing
radiation, environmental and life-style factors), are underlying
pancreatic cancer onset (4). The PANcreatic Disease ReseArch

(PANDoRA) consortium, of which the authors are members, was
established to coordinate the efforts of different research groups and
strives to uncover new genetic factors for pancreatic cancer risk,
response to treatment, and patient survival. The goal is to detect
pancreatic cancer while the disease is in its earliest and treatable
stages (5).

PDAC Genetics and Disease Risk
A decade-long effort of the PANDoRA consortium resulted in the

discovery of mild to low risk associations for variants in several
genomic regions, modulating PDAC risk and in minor extent, prog-
nosis; significant results of individual studies are given in Table 1.
Because TP53 has a fundamental role in cell cycle and apoptosis and is
frequently mutated in solid tumors, we studied, in a population from
Czech Republic, whether TP53 polymorphisms modulate the risk of
PC. By assessing polymorphisms individually, patients with variant C
allele of rs1042522 polymorphism were at an increased risk of PDAC.
By comparing with the most common haplotype A1GCG, the A2CCG
haplotype was associated with an increased risk and the A1CCGwith a
reduced risk of PDAC (6). The above haplotypes also affected colo-
rectal and breast cancer risk. In the line of investigating of associations
between inherited germline mutations in cancer predisposition genes
and the risk of pancreatic cancer a case–control study comprising
3,030 patients with pancreatic cancer is reported by Hu and collea-
gues (7). The authors observed significant associations between pan-
creatic cancer and mutations in CDKN2A, TP53, MLH1, BRCA2,
ATM, and BRCA1. In this study, mutations in six genes associated
with pancreatic cancer were identified in 5.5% of all patients with
pancreatic cancer, including 7.9% of those with a family history of
pancreatic cancer (7). The manuscript by Amundadottir and collea-
gues (8) inspired PANDoRA consortium to address the association of
pancreatic cancer risk with carriers of the A or B allele of single-
nucleotide polymorphisms (SNP). These SNPs ale involved in deter-
mining the blood group in comparison with the O allele, which
encodes a nonfunctional enzyme. A1 variant carriers were at higher
risk of developing PDAC. These data are consistent with higher
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glycosyltransferase activity for the A1 variant compared with the A2
variant. However, no effect of the genetic variability at the ABO
locus on pancreatic cancer survival was shown in the study of
PANDoRA group (9).

The effort of PanScan/PanC4 has resulted in the identification of
eight SNPs that map to three loci on chromosomes 13q22.1, 1q32.1
and 5p15.33 (10). Among these common susceptibility loci iden-
tified for pancreatic cancer there is rs401681 in the TERT –
CLPTM1 L gene region (chr5p15.33; ref. 11). Due to the low linkage
disequilibrium present in this region, additional SNPs have been
identified as independent risk factors for PDAC. An analysis of
genetic variability of the telomerase reverse transcriptase (TERT)
and the telomerase RNA component (TERC) genes, conducted
within the PANDoRA consortium, revealed a significant association
between a variant rs2853677in TERT and pancreatic cancer risk
(Table 1). Three additional SNPs in TERT, rs2736100, rs4583925,
and rs2735948 reached statistical significance after correction for
multiple testing (Table 1). The TERT locus is associated with
pancreatic cancer risk through several independent variants (12).
Interestingly, other studies showed that genetically predicted short
telomere length is either not associated with PDAC risk (13) or the
association is not consistent (14). One option to tackle these
inconsistencies may be the direct measurement of telomere length
in blood cells and/or in tumor tissue. However, the experience of
the authors introduces additional variables, such as target versus
surrogate tissue (15) or complex disease phenotype/tumor
heterogeneity (16).

Another gene involved in pancreatic cancer etiology is CDKN2A
(p16). Hence, the PANDoRA consortium focused on the common
genetic variability in this region and pancreatic cancer risk by geno-
typing 13 SNPs. TheA allele of the rs3217992 SNPwas associated with
an increased pancreatic cancer risk (Table 1), possibly due to changing
the binding site of one or more noncoding RNAs. The novel associ-
ation in this pleiotropic region CDKN2A/B could represent a genetic
link between diabetes and pancreatic cancer risk (17). The study by
Zhang and colleagues, in which PANDoRAwas part of, disclosed three
new pancreatic cancer risk SNPs: rs2816938 at chromosome 1q32.1
(NR5A2), rs10094872 at 8q24.21 (MYC), and rs35226131 at 5p15.33
(CLPTM1L-TERT; ref. 18). The genetic variability in solute carrier
transporter SLC22A3 was investigated with pancreatic cancer risk. In
summary, common genetic variation in the SLC22A3 gene is unlikely
to significantly contribute to pancreatic cancer risk; however, the
rs2504938 SNP in SLC22A3 associates with a prognosis of patients
with pancreatic cancer (19). PANDoRA did not observe any specific
chronic pancreatitis risk loci that would also contribute to PDAC
susceptibility (20). Telomere deregulation is a hallmark of cancer and
telomere length in lymphocytes (LTL) may represent a risk marker
for several cancers. In a study that analyzed ten SNPs (ZNF676-
rs409627, TERT-rs2736100, CTC1-rs3027234, DHX35-rs6028466,
PXK-rs6772228, NAF1-rs7675998, ZNF208-rs8105767, OBFC1-
rs9420907, ACYP2-rs11125529, and TERC-rs10936599) combined in
an LTL genetic score, a statistically significant association was found
between genetically determined shorter telomere length and PDAC
risk (21). Rare truncating BRCA2 K3326X (rs11571833) and patho-
genicCHEK2 I157T (rs17879961) variants have been tested for the risk
of sporadic PDAC within PANDoRA consortium (Table 1; ref. 22).
Early onset pancreatic cancer (EOPC), a rare disease with a very high
mortality rate, has been investigated by genome-wide association study
(GWAS) in young patients diagnosed with PDAC. PANDoRA pro-
posed a novel variant rs2328991 to be involved in EOPC risk, despite

current difficulty to ascertain a mechanistic link between the variant
and the function (23). Since the mitochondrial metabolism has been
associated with PDAC risk and a systematic investigation of the
genetic variability of mitochondrial genome (mtSNP) and of all the
nuclear genes involved in its functioning (n-mtSNPs) is virtually
missing, PANDoRA conducted a two-phase association study of
mtSNPs and n-mtSNPs to assess their effect on PDAC risk
(Table 1). In the discovery phase, 49 n-mtSNPs and no mtSNPs
associated with PDAC risk were identified, but none replicated in
the second phase (24).

GWAS have become a powerful tool for detecting genetic variants
associated with complex traits, including pancreatic cancer. The
PANDoRA consortium has participated in a multistage GWAS on
7,683 individuals with PC and 4,397 controls of European descent.
Four new loci reachedGWAS significance: rs6971499 at 7q32.3 (LINC-
PINT), rs7190458 at 16q23.1 (BCAR1/CTRB1/CTRB2), rs9581943 at
13q12.2 (PDX1) and rs 16986825 at 22q12.1. (ZNRF3, Table 1). An
independent signal in exon 2 ofTERT at the region 5p 5.33 (rs2736098)
was also identified (25). Three newly associated regions 17q25.1
(LINC00673, rs11655237), 7p13 (SUGCT, rs17688601), and 3q29
(TP63, rs9854771) were identified in a GWAS on cases and controls
from North America, Central Europe and Australia (11). Previously
reported associations at 9q34.2 (ABO), 13q22.1 (KLF5), 5p15.33
(TERT and CLPTM1), 13q12.2 (PDX1), 1q32.1 (NR5A2), 7q32.3
(LINC-PINT), 16q23.1 (BCAR1) and 22q12.1 (ZNRF3) (25; 11) were
also replicated. The study by Klein and colleagues (26) reported the
largest GWAS on pancreatic cancer cases of European ancestry. The
novel association at rs78417682 (7p12/TNS3) was reported. Repli-
cation of 10 promising signals in the PANDoRA set of patients
yielded new GWAS significant loci: rs13303010 at 1p36.33
(NOC2L), rs2941471 at 8q21.11 (HNF4G), rs4795218 at 17q12
(HNF1B), and rs1517037 at 18q21.32 (GRP; Table 1). To identify
individuals at high risk of developing PDAC a polygenic risk score
(PRS) for PDAC risk prediction, combining the effect of known risk
SNPs, was computed in the PANDoRA consortium. The scores were
significantly associated with increased PDAC risk (Table 1). PRS in
assessing PDAC risk represents a useful tool for risk stratification in
the population (27).

PANDoRA expanded the knowledge of PDAC genetic heritabil-
ity by focusing on SNPs that modulate miRNA function. Out of
SNPs in 3 prime untranslated regions (30UTRs) of miRNA target
genes, only rs7985480 was consistently associated with PDAC risk
(Table 1). These results, alongside studies considering expression
quantitative traits (eQTL) and those on SNPs in long noncoding
RNA, proved the usefulness of functional prioritization to identify
PDAC risk-associated genetic polymorphisms (28–30).

The analysis of eQTLs in three independent pancreatic datasets
provided molecular support of NOC2 L as a PDAC susceptibility
gene (26). By exploiting functional and GWAS data, the associa-
tions between polymorphisms affecting gene function in the pan-
creas (eQTLs) and PDAC risk was also investigated in PANDoRA.
A genome-wide significant association between the A allele of the
rs2035875 polymorphism and increased PDAC risk was identified
(Table 1). This allele is often associated with increased expression of
the keratin genes KRT8 and KRT18 in the pancreas. In addition, the
A allele of the rs789744 variant conferred a decreased risk of PDAC.
The A allele is associated with higher SRGAP1 gene expression,
which in turn inactivates the cyclin-dependent protein 42 (CDC42)
gene expression and decreases the risk of PDAC. Significant asso-
ciations and plausible biological mechanisms may further add
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strong candidates to functional-based PDAC risk loci (29). Since
long noncoding RNAs (lncRNA) are involved in regulation of key
biological processes, by combining GWAS and functional data the
genetic variability in all lncRNAs was also investigated and a
significant association between the rs7046076 SNP and risk of
PDAC (Table 1) was observed. This SNP participates in the
regulation of several cell cycle genes, such as CDKN2B. A possible
mode of action could be an imperfect interaction between lncRNA
and miRNA (30). Despite the overall effort much of pancreatic
cancer heritability remains unexplained (31).

PDAC Genetics and Disease Prognosis
The rs2504938 SNP in solute carrier transporter SLC22A3 signif-

icantly associated with a poor prognosis of patients with pancreatic
cancer (19). The ATP binding cassette subfamily C member 2
(ABCC2) protein mediates a response to various drugs and is differ-
entially expressed in gemcitabine sensitive and resistant cells. More-
over, SNPs in the gene have been associated with differential outcomes
and prognosis in several malignancies. The associations between
SNPs in the ABCC2 gene and overall survival (OS) in patients with
PDAC were analyzed. The results are presented in Table 1; briefly:
whereas no statistically significant associations in patients with
more advanced PDAC were observed, rs3740067, rs3740073 and
rs717620 could be promising prognostic markers in patients with
stage I PDAC (32). In addition, two SNPs (CD44-rs353630 and
CHI3L2-rs684559), that were suggested as genetic markers of
prognosis, were studied within PANDoRA. They did not show,
either individually or combined, any statistically significant asso-
ciation, suggesting that their effect cannot be generalized to all
patients with pancreatic cancer (33). The study of Wang and
colleagues demonstrated that host genetic variant (rs2057482-CC
genotype) alters the regulation of the miR-199a/HIF1A regulatory
loop, increases susceptibility to PDAC and is associated with worse
prognosis (34). A recent study by Lin and colleagues indicated that
regional and ethnic differences in gene variant frequencies and,
possibly, different impact of risk factors should be given proper
consideration (35). Finally, noncoding RNAs have been suggested
as putative prognostic biomarkers for pancreatic cancer prognosis
and treatment prediction (36). In the recent reviews the potential of
cell-free DNA biomarkers in pancreatic cancer and other gastro-
intestinal cancer prognosis has been discussed (37, 38).

Conclusions and Perspectives
PANDoRA consortium has contributed to the identification of

several low-penetrance risk loci for PDAC, including those in cell
cycle andDNAdamage response, telomere homeostasis, SCL andABC
transporters, ABO locus variability and mitochondrial metabolism. It
has also participated on GWAS approach and implementation of a
search for functional-based PDAC risk loci and long noncoding RNAs.
However, risk factors associated with sporadic pancreatic cancer
remain poorly understood. PANDoRA’s effort in disease prognosis
was even less satisfactory due to the rapid progression of the disease. To
achieve early detection of pancreatic cancer the consortium will aim at
addressing genetics in the new traits (e.g., autophagy), deeper
understanding of shared traits between the incident type 2 diabetes
mellitus, pancreatic cancer, and chronic pancreatitis, and elucida-
tion of telomeric homeostasis and a role of mitochondria in early
development of PC. PANDoRA consortium will dedicate its atten-
tion to the identification and role of rare variants in pancreatic
carcinogenesis. Further, studies on genetic factors affecting prog-
nosis of pancreatic cancer and its treatment are scarce and an effort
has to be dedicated to these aspects. Despite emerging and studied
risk factors for pancreatic cancer risk (such as tobacco use, diabetes,
chronic pancreatitis, particular nutritional deficits, bacterial infec-
tions, and psychosocial factors), a little attention is dedicated to
interactions of these risk factors in additive or synergistic mode (39)
or to gene–environmental interactions. Complex studies covering
genetic, environmental and microenvironmental factors and their
interactions in the pancreatic cancer onset, progression and therapy
outcomes are warranted.
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