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Although 21 pancreatic cancer susceptibility loci have been identified in individuals of
European ancestry through genome-wide association studies (GWASs), much of the
heritability of pancreatic cancer risk remains unidentified. A recessive genetic model could
be a powerful tool for identifying additional risk variants. To discover recessively inherited
pancreatic cancer risk loci, we performed a re-analysis of the largest pancreatic cancer
GWAS, the Pancreatic Cancer Cohort Consortium (PanScan) and the Pancreatic Cancer
Case-Control Consortium (PanC4), including 8,769 cases and 7,055 controls of
European ancestry. Six single nucleotide polymorphisms (SNPs) showed associations
with pancreatic cancer risk according to a recessive model of inheritance. We replicated
these variants in 3,212 cases and 3,470 controls collected from the PANcreatic Disease
ReseArch (PANDoRA) consortium. The results of the meta-analyses confirmed that
rs4626538 (7g32.2), rs7008921 (8p23.2) and rs147904962 (17921.31) showed
specific recessive effects (p<107°) compared with the additive effects (p>107°),
although none of the six SNPs reached the conventional threshold for genome-wide
significance (p < 5x1078). Additional bioinformatic analysis explored the functional
annotations of the SNPs and indicated a possible relationship between rs36018702
and expression of the BCL2L11 and BUBT genes, which are known to be involved in
pancreatic biology. Our findings, while not conclusive, indicate the importance of
considering non-additive genetic models when performing GWAS analysis. The SNPs
associated with pancreatic cancer in this study could be used for further meta-analysis for
recessive association of SNPs and pancreatic cancer risk and might be a useful addiction
to improve the performance of polygenic risk scores.

Keywords: pancreatic cancer, susceptibility, genome-wide association study, recessive model,
genetic polymorphisms

closely approaching to the incidence rate. The median survival is
less than 18 months, and the 5-year survival rate remains as low

Pancreatic cancer ranks fourth for cancer-related deaths in  as 3 ~ 15% (3-5). The poor prognosis is mainly due to the late
western countries and is projected to become the second by  onset of symptoms, diagnosis at an advanced stage and
2030 (1, 2). It is a very deadly disease with the mortality rate  subsequent rapid progression. A comprehensive identification
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of the risk factors can be instrumental to a better understanding
of the disease etiology and to the development of methods for
risk stratification, that in turn could facilitate early detection,
which at the moment remains elusive.

Genetic factors play an important role in the etiology of
pancreatic cancer (6). Genome-wide association studies (GWAS)
have identified various frequent genetic variants associated
with pancreatic cancer risk. The two largest pancreatic cancer
GWAS done in European populations are the Pancreatic Cancer
Cohort Consortium (PanScan) and the Pancreatic Cancer Case-
Control Consortium (PanC4), and a total of 21 susceptibility
loci associated at genome-wide significance level have been
discovered, and studied individually and in combination
(7-15). However, the identified SNPs explain only 4.1% of the
total phenotypic variance of pancreatic cancer, which do not
fully account for the overall 21.2% estimated genetic heritability
(16). This can be explained by the relatively small effect sizes of
the individual risk loci, and by the strict multiple testing
correction required for GWAS (typically p < 5x10°®), which is
likely to result in a large number of false negatives.

Over the past decade, GWAS have achieved substantial
success in discovering many common variants underlying the
genetic architecture of complex diseases (17), including
pancreatic cancer. Standard models for implying specific
relationships between genotypes and phenotypes include
additive, recessive and dominant models (18). The association
of biallelic single nucleotide polymorphisms (SNPs) having
alleles A/a with a given endpoint (e.g. disease risk) is typically
analyzed with a logistic regression model logit(P) = o + B (X),
where in an additive model X = 0, 1 or 2 depending on
the genotype (homozygotes A/A, heterozygotes A/a and
homozygotes a/a, respectively), thus the risk of disease is
increased exp(P)-fold for subjects with genotype A/a and exp
(2B)-fold for subjects with genotype a/a. A recessive model
compares rare homozygotes a/a (who will have X=1) versus
the rest (combining heterozygotes A/a and common
homozygotes A/A, who will have X=0); a dominant model
compares A/A (X=0) versus A/a + a/a (X=1). As most GWAS
studies assume that allelic effects are additive, most of the
associations reported in GWAS consider only the additive
model of inheritance. But for variants which do not follow an
intermediate model of inheritance, the recessive or the dominant
genetic model can have more power to detect associations.
Reanalysis of GWAS data with the recessive model of
inheritance, considering homozygotes for the minor allele as
the only “exposed” category could help to identify additional risk
loci for non-negligible subsets of SNPs (19).

To discover novel recessively inherited pancreatic cancer risk
loci, we performed a secondary analysis using genotyping data
from all published pancreatic cancer GWAS conducted in
subjects of European origin, and then replicated the most
promising variants in cases and controls collected from the
PANcreatic Disease ReseArch (PANDoRA) consortium. Better
understanding the genetic background of the disease could be an
invaluable tool to stratify the population by individual risk and
increase our chances of early detection.

MATERIALS AND METHODS

Study Populations
The following publicly available GWAS datasets on pancreatic
cancer risk were used for this study: the Pancreatic Cancer
Cohort Consortium (PanScan, comprising of PanScan I,
PanScan II, and PanScan III) and the Pancreatic Cancer Case
Control Consortium (PanC4). We obtained the genotype
data from the NCBI database of genotypes and phenotypes
(dbGaP) (study accession numbers phs000206.v5.p3 and
phs000648.v1.p1; project reference #12644). We performed
standard quality control and genotype imputation for the four
datasets separately, using the Michigan Imputation Server
(https://imputationserver.sph.umich.edu) (20) and the
Haplotype Reference Consortium (HRC, V.rl.1) reference
panel (21). Before imputation, we implemented individual- and
SNP-level quality control steps as follows: individual and SNP
missingness (call rate<0.9); sex discrepancy; heterozygosity (>3
SD from the mean); relatedness (PI_HAT>0.2, i.e., subjects
related up to the second degree); ethnic outliers (population
structure was captured by principal component analysis to
remove non-European ancestry individuals); minor allele
frequency (MAF) <0.005; and Hardy-Weinberg equilibrium
(HWE) (p<1x107°). After imputation, we removed SNPs with
low imputation quality (INFO score r°<0.7, MAF<0.05 or call
rate<0.9). Then, we merged the four imputed datasets and
rechecked for the relatedness in the pooled dataset. At the end,
a total of 5,056,279 SNPs in 8,769 cases and 7,055 controls (8,600
males and 7,224 females) remained for further analysis.
Additional samples belonging to the PANDoRA consortium,
mostly from European populations, were selected for
genotyping. Cases were diagnosed with pancreatic ductal
adenocarcinoma (PDAC) and were all collected from the
PANDORA consortium (22). Controls were from the same
geographical regions as the cases. A subset of the German
controls (N=932) derived from ESTHER, a prospective cohort
with 9,953 participants recruited in the Saarland region of
Germany during a general health check-up in the period of
July 2000 and December 2002. British and Dutch controls were
collected from the European Prospective Investigation on Cancer
(EPIC, http://epic.iarc.fr/), a prospective cohort study consisting
of general population healthy volunteers from ten European
countries (23). All subjects provided written informed consent.
Approval for the PANDoRA study protocol (including for
controls from ESTHER and EPIC cohorts) was received from
the Ethics Commission of the Medical Faculty of the University
of Heidelberg.

SNP Selection

We performed the association analysis on the pooled imputed
PanScan+PanC4 GWAS data using both additive and recessive
models. Association statistics (odds ratios (OR) and 95%
confidence intervals (CI)) on PDAC risk were obtained with
logistic regression adjusting for age, sex and the top ten principal
components using PLINK version 1.9 (24). There were 268
SNPs that showed an association with p-value lower than 107,
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according to a recessive model (Supplementary Table 1). Most
of them overlapped with previously reported pancreatic cancer
risk loci (1q32.1, 2pl4, 3q28, 5p15.33, 7pl4.1, 7q32.3, 9q34,
13q12.2 and 16q23.1) from additive analyses. Among remaining
SNPs which were over 1 Mb away from the closest known
locus and showed no linkage disequilibrium (LD) with known
loci (r* < 0.01), ten SNPs at six loci, showed large differences in p-
values using the two models (p < 10”° using the recessive model,
and p > 10 using the additive model). After filtering SNPs in LD
(r*>0.8, N=3) and removing SNPs that showed p>0.05 for
association with PDAC risk in either PanScan or PanC4
(N=1), the top six promising SNPs were moved forward
to genotyping.

Genotyping

DNA of PANDoRA samples was isolated from whole blood
using QIAamp DNA extraction kit (Qiagen) and distributed in
384-well plates for genotyping. For quality control, 8% of the
samples was randomly duplicated throughout the plates and no
template controls (NTC) were used in each genotyping plate.
Genotyping was performed using TagMan (ABI, Applied
Biosystems, Foster City, CA, USA) and KASP (KBioscence,
Hoddesdon, UK) probes on the Real-Time PCR system. Since
the genotyping assay for rs147904962 failed to work, rs12943205
was genotyped as a proxy SNP, in high LD (r* = 0.99). Detection
was done with a Viia7 instrument and Viia7 software (Applied
Biosystems, Foster City, CA). After calling all the genotypes,
samples with a call rate < 83.3% (i.e,, missing more than one
genotype) were removed. Duplicated samples with low
concordance rate (>1 discordant genotype) were excluded.
Discordance from HWE distribution was checked in controls,
in the overall population and by country, and all the genotyped
SNPs were in HWE (p>107). Dutch and British controls were
genotyped in the context of a GWAS using the Human 660W-
Quad BeadChip array (Illumina, San Diego, CA). Quality control
steps were performed after TagMan genotyping. Finally, 3,212
PDAC cases and 3,470 controls were included for further
analysis. The characteristics of the study population are
summarized in Table 1.

TABLE 1 | Characteristics of genotyped samples from PANDoRA after quality
control.

Cases Controls
Male, % 55.0 51.6
Median age, (25th-75th percentile) 66 (568-73) 60 (51-68)
Country, N
Czech Republic 430 173
Germany 683 1018
Greece 109 16
Hungary 290 413
Italy 1298 1280
Lithuania 102 179
Poland 90 195
Netherlands 117 62
United Kingdom 93 134
Total 3212 3470

Statistical Analysis

To investigate the effect of the genotyped SNPs (rare allele
vs. common allele; rare homozygous genotype vs. heterozygous
plus common homozygous genotypes) in PANDoRA samples
on the PDAC risk, we performed unconditional logistic
regression adjusting for sex, age and country. Then we
performed meta-analyses using R package “meta” by fixed-
effects model (or random-effects model when p < 0.05 in the
heterogeneity test) between phase one (reanalysis of the
pancreatic cancer GWASs, PanScan and PanC4) and phase
two (replication in samples collected from PANDoORA),
with a final sample size of 11,981 PDAC cases and 10,525
controls. For the analysis with the genotyped SNPs in
phase two, age, sex and genotypes had missing rates between
1% to 5%. Considering that missing data can have a significant
effect on the conclusion, we applied multiple imputation which is
a missing data method that provides valid statistical inferences
under the missing at random condition (25). The R package
“mice”, which imputes incomplete multivariate data by chained
equations (26), was used to impute five times the variables
involved in analysis, to analyze each of the imputed datasets
separately based on the logistic regression model, then to
automatically combine all the results together. Since the
Brazilian population is known to be ethnically admixed, we
performed additional statistical analyses with the PANDoRA
Brazilian cases and controls. Meta-analyses were performed
after multiple imputation as well. Analyses were carried out
with R V3.6.

In addition, we performed gene-based analysis using
MAGMA v1.08 to test the associations between all coding
genes and PDAC risk based on the p-values under additive
and recessive models respectively (27).

Bioinformatic Tools

We used the following tools/databases to explore the possible
function of candidate SNPs: the Genotype-Tissue Expression
(GTEx, 8th version) project portal (https://www.gtexportal.org,
accessed on 30 June 2020), HaploReg v4.1 (https://pubs.
broadinstitute.org/mammals/haploreg/haploreg.php) and
RegulomedB (https://www.regulomedb.org/regulome-search/)
(28-30). The Gene Expression Profiling Interactive Analysis
(GEPIA2) database (http://gepia2.cancer-pku.cn) was applied
to verify the expression levels and evaluate the prognostic
value of genes of interest in pancreas tumor and normal tissues
(31). Three-Dimensional-genome Interaction Viewer (3DIV,
http://3div.kr), which collected all publicly available high-
throughput chromatin conformation capture (Hi-C) data from
human cell/tissue types, was used to explore the locus regulatory
effects of the 3D genome (32). SNPnexus (https://www.snp-
nexus.org/) and OpenTargets Genetics (https://genetics.
opentargets.org) summarize the results of many different
functional annotations (33, 34). The Functional Mapping and
Annotation of Genome-Wide Association Studies platform
(FUMA, https://fuma.ctglab.nl) was used to annotate the
results of the recessive model GWAS (35).
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RESULTS

In the first phase, which was conducted at a genome-wide
scale, we re-analyzed the data from the PanScan+PanC4
GWAS dataset according to a recessive model of inheritance,
and we observed six SNPs that showed specific recessive
associations with PDAC risk with p<10™> while p>10~ using
the additive model (Figure 1, Supplementary Table 2). The
correlated SNPs in these regions (r>>0.8 in LD) did not show
evidence of stronger association under an additive model
(Supplementary Table 3, Supplementary Figure 1). The
associations of the genotyped SNPs with PDAC risk under
the additive and recessive genetic models are shown in
Figure 1 (Supplementary Table 2). In the validation phase
in PANDORA, no statistically significant associations (p<0.05)
were observed, using the recessive model, except for rs2066357.
However, this SNP showed high heterogeneity, with an opposite
effect compared to the discovery phase under the recessive
genetic model.

In meta-analyses, none of the six SNPs reached the
conventional genome-wide significance threshold (p<5x107%).
However, MIR96 rs4626538 (OR=0.93; p=4.42><10_6), RP5-
991023.1 157008921 (OR=1.42; p=9.68><10_6) and ARHGAP27
15147904962 (OR=0.75; p=4.08x107°) maintained a specific
recessive effect compared to the additively inherited effects
(p=1.06x10">, p=0.05 and p=3.97x107>, respectively), and the
p-values of rs4626538 and rs147904962 in the meta-analysis were
slightly lower in comparison with those observed in the first phase.

The results after multiple imputation were generally consistent
with those without multiple imputation (Supplementary Table 2).
Results did not change when we added the PANDORA cases and
controls from Brazil, who are ethnically admixed (Supplementary
Tables 4, 5).

We used data from the GTEx consortium to investigate
associations between genetic variants and RNA expression. We
observed that the rs147904962-A allele was associated with
increased LRRC37A4P RNA expression in adipose tissue
(p=8.1x10"°). An expanded list of linked SNPs (in LD with
our six candidate SNPs, r*>0.6) was also considered for the GTEx
analysis; we found that the T allele of rs590097 (in LD with the A
allele of rs36018702, r* = 0.74, D’=1) was associated with higher
expression of BCL2L11 in pancreas (p=5.64x10"°). No
expression quantitative trait loci (eQTL) associations in
pancreas were found for the other SNPs. Haploreg and
RegulomeDB did not show evidence for functional effect for
these variants.

Using a threshold of >2 for distance-normalized chromatin
interaction frequency, 3DIV predicted Clorf21 and APOBEC4 to be
interaction genes for rs1339571, BUBI for rs36018702, MIR4423 for
1rs2066357, SPPL2C, SLC4A1, RUNDC3A, LOC100133991, TEX34,
ITGA2B, and Cl170rf57 for rs147904962, respectively.

Additional analyses with SNPnexus and OpenTargets
Genetics did not suggest any clear functional link between our
candidate SNPs and pancreatic physiology or pathology.
Likewise, when we reanalyzed with FUMA the results of the
GWAS analysis according to the recessive model, we did not

SNP Phase Recessive Model OR (95% CI) P Additive Model OR(95%Cl) P
152066357
DDAH1 (1p22.3) PanScan+PanC4 i 0.78(0.07-0.87)  9.70%10° —— 0.93(0.88-0.97) 1.89x103
85971357 PANDORA — 1.26 (1.04-1.52) 0.02 —— 1.08 (0.99-1.17)  0.08
GIA (0.28)

Meta —_— 1.05 (0.76-1.45) 0.76 ———— 1.01 (0.92-1.12) 0.82
rs1339571
Ctorf21 (1925.3) PanScan+PanC4 —— 0.67 (0.56-0.80)  7.25%10° —— 0.93 (0.88-0.99) 0.02
184567933 PANDORA —.— 1.03 (0.78-1.38) 0.82 —_—l- 0.98 (0.89-1.07) 0.62
GIC (0.18)

Meta - 0.85 (0.79-0.92) 1.92x10° - 0.97 (0.95-1.00) 0.02
rs36018702
BCL2L11 (2q13) PanScan+PanC4 —— 1.20(1.11-1.30)  4.85%10% —— 1.07(1.02-1.12) 3.37x103
111928373 PANDORA —— 0.96 (0.85-1.09) 0.56 —— 1.01(0.94-1.09) 0.74
CIA (0.45)

Meta - 1.07 (1.04-1.11) 2.32%10° - 1.03 (1.01-1.05) 3.58x102
rs4626538
MIR96 (7q32.2) PanScan+PanC4 il 0.84(0.78-0.91)  8.60%10° —a— 0.93(0.89-0.97) 1.61x103
129413188 PANDORA —— 0.93 (0.82-1.06) 0.26 —— 0.97 (0.90-1.04) 0.38
T/G (0.49)

Meta - 0.93 (0.90-0.96) 4.42%10 - 0.97 (0.95-0.99) 1.06x102
rs7008921
RP5-991023.1 (8p23.2) PanScan+PanC4 L 2.30(1.59-3.32)  8.85%106 — 1.06 (0.98-1.14) 0.16
5424408 PANDORA 1.17 (0.63-2.15) 0.62 —L8a—1.16(1.02-1.31)  0.02
T/C (0.09)

Meta ——— 1.42 (1.21-1.65) 9.68x10% [ 1.03 (1.00-1.06) 0.05
rs147904962
ARHGAP27 (17q21.31) PanScan+PanC4 +—li—— 0.50(0.37-0.67)  4.73%10° —— 0.91(0.85-0.98) 9.30%10°3
45377171 PANDORA —_— 0.84 (0.56-1.27) 0.42 —_—- 0.92 (0.83-1.03) 0.16
GIA (0.11)

Meta - 0.75 (0.66-0.85) 4.08%10 - 0.96 (0.93-0.99) 3.97%103
FIGURE 1 | Forest plot of the associations of the 6 SNPs with PDAC risk under recessive and additive genetic models. A forest plot for the 6 SNPs and risk of
PDAC is shown by two genetic models using data from discovery and replication analyses combined. Population specific odds ratios (OR) and 95% confidence
intervals (Cl) are denoted by green boxes and black lines. The combined OR estimates are represented by purple diamonds, where diamond width corresponds to
95% Cl bounds. The position information (hg38) and minor allele frequency (MAF) for each SNP are shown on the left.
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observe any noteworthy signal in the regions of the six
candidate SNPs.

The gene-based analysis using MAGMA based on the p-
values of the recessive model revealed that 14 genes were
associated with PDAC risk at p < 0.001 (Supplementary
Table 6). Two of these genes showed evidence for association
at p < 0.001 under the recessive model (CTSG 14ql2, p =
2.53x10™% LEPROTLI 8pl2, p = 4.34x10™*), but not with the
additive one (p = 0.20 and p = 0.10, respectively). Then we
verified the expression level of the two genes in pancreatic cancer
patients using GEPIA2. We found that LEPROTLI has increased
expression in pancreatic cancer tissues compared to adjacent
normal pancreatic tissues of the same patients (Figure 2).

DISCUSSION

GWAS data are usually analyzed according to an additive genetic
model, which is generally considered to be a good surrogate for
other genetic models, except for the recessive one (19).
Researchers have reported risk variants that showed specifically
stronger evidence under a recessive model than an additive
model, for type 2 diabetes (36), schizophrenia (37), high
triglycerides (38), and other traits (39, 40), but not for PDAC
yet. To identify recessive susceptibility loci for PDAC risk, we
performed a secondary analysis with the largest currently
available pancreatic cancer GWAS datasets (PanScan and
PanC4) of European ancestry and attempted the replication of
the six most promising variants in additional samples collected
from the PANDoRA consortium, with a combined sample size of
11,981 PDAC cases and 10,525 controls. In this study, none of

our results reached genome-wide statistical significance
(p<5x107%) in either phase, or in the meta-analyses, therefore
our results are not conclusive. However, for five of the six
selected SNPs the results of the meta-analysis do not exclude
the possible recessive association with pancreatic cancer risk. In
particular, rs4626538 (7q32.2), rs7008921 (8p23.2) and
rs147904962 (17q21.31) maintained a large difference in
significance between recessive effects compared with the
additively inherited effects.

None of the previous studies indicated a link between these
loci and pancreatic cancer risk. No variants in high LD (r*>0.8)
have been previously associated with any trait or disease in
GWAS, although variants in low to moderate LD (r* = 0.14~0.60,
D’=0.88~1 in Europeans) with rs147904962 have been reported
to be associated with waist-to-hip ratio and with risk of
developing allergic diseases. The minor G allele of rs7214661
(r* = 0.19, D’=0.98) was associated with higher risk of allergic
disease (41) while the corresponding A allele of rs147904962 was
associated with lower risk of pancreatic cancer in our study. It is
consistent with the protective effect of allergy for pancreatic
cancer in epidemiologic studies (42).

Additionally, GTEx showed that rs590097 regulates BCL2L11
expression in pancreas tissue. BCL2L11 is a member of the BCL2
family and plays a role in neuronal and lymphocyte apoptosis.
There is evidence shown that BCL2L11 is one of the major genes
contributing to apoptosis, known to be important for pancreatic
biology (http://www.genome.jp/kegg/pathway.html) (43).
Moreover, the observed association that rs36018702-A
(correlated with rs590097-T) showed increased risk of PDAC
is consistent with the higher expression of BCL2L11 in pancreatic
cancer tissues than in normal pancreas tissues found
through GEPIA2.

LEPROTL1 Expression - log,(TPM+1)
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(num(T)=179; num(N)=171)

FIGURE 2 | The expression level of CTSG and LEPROTL1 in PAAD patients. GEPIA2 generates box plot for comparing gene expression in pancreatic cancer and
paired normal tissues (TCGA tumor versus TCGA normal + GTEx normal). (A, B) differential expression analysis. Peach and grey clusters represent tumor and normal
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samples; * genes with higher [log2FC]| values (>1) and lower Q-values (<0.01) were considered differentially expressed genes.
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BUBI is the interaction gene of rs36018702 predicted by 3DIV.
There is evidence that BUBI is overexpressed in PDAC tissues,
suggesting a role of BUBI in PDAC progression, and therefore
corroborating the association of rs36018702 and PDAC risk (44).

The lowest p-value we observed in the meta-analysis is
4.08x10°° for the association of rs147904962 (17q21.31) with
the risk of PDAC. rs147904962 is situated 17kb at the 3’ end of
Rho GTPase Activating Protein 27 (ARHGAP27). This gene
encodes a member of a large family of proteins that activate
Rho-type guanosine triphosphate (GTP) metabolizing enzymes
and are involved in cancer through the dysregulation of this
mechanism. As ARHGAP27 mRNA is expressed in pancreatic
cancer, we speculate that rs147904962 mediates regulation of
cancer-associated ARHGAP27, promoting carcinogenesis
through dysregulation of Rho/Rac/Cdc42-like GTPases (45).
However, it has to be acknowledged that this SNP is not
known to be located in a regulatory region of ARHGAP27.

Gene-based analyses based on the PanScan and PanC4 datasets
(we were not able to replicate these analyses in PANDoRA, which
does not have GWAS data) showed that SNPs in LEPROTLI and
CTSG were associated with PDAC risk according to the recessive,
but not to the additive model. The bioinformatic analysis identified
that LEPROTLI was highly expressed in pancreatic cancer
compared to matched normal pancreatic tissue of the same
patients, suggesting a potential involvement in the etiopathology
of PDAC. The leptin receptor overlapping transcript-like 1 gene
(LEPROTLI) encodes a membrane protein, and may play a role in
liver resistance by suppressing the growth hormone activity (46,
47), while the pancreatic cancer-related functions of LEPROTLI
remain unknown. The cathepsin G gene (CTSG) encodes a
neutrophil serine protease of the chymotrypsin family, which
was shown to affect neutrophil infiltration into the pancreas in a
mouse model of pancreatitis (48). Based on this circumstantial
evidence it is tempting to speculate a role for this gene and its
polymorphisms in modulation of inflammation in the pancreas,
which plays a role in the etiology of PDAC. However, to the best of
our knowledge, a role for CTSG in pancreatic cancer has not been
reported in the literature.

The lack of direct functional evidence for the SNPs of interest
from bioinformatic analyses may at least in part reflect the fact that
also bioinformatic tools/databases have not been designed to address
effects of real recessive alleles. Ad hoc tools are needed to better
understand the genetic architecture of complex genetic diseases.

It is hard to reach sufficient statistical power to detect variants
with recessive effects, unless they are very frequent or have very
large effects. Given the effective combined sample size of 11,981
PDAC cases and 10,525 controls, disease prevalence of 1.6%, and
a significance cut-off of p<5x10~%, we had at least 80% power to
detect a association with ORs equal to those observed in the
discovery phase for the rare homozygote genotype for SNPs
rs7008921 and rs147904962, whereas for the other SNPs power
ranged between 54% to 69%. Thus, our study, in spite of the large
sample size, lacked statistical power to confirm the risk with
recessive model for some of the SNPs. It is worth noting that
between PanScan, PanC4 and PANDoRA we have used the
largest available resources for genetics of pancreatic cancer in
populations of European origin. Our hypothesis that some

variants may be associated with pancreatic cancer risk with a
recessive model of inheritance was not disproved, but to prove it
convincingly will require even larger datasets that will become
available as more GWAS on pancreatic cancer risk are performed.

Identifying high-risk groups could contribute to focus
surveillance and invasive screening measures, thereby
improving the chance of early detection. Polygenic risk scores
(PRS) approaches which could combine modest effect from each
risk SNPs have demonstrated accuracies between 59% and 63%
for predicting the risk of PDAC when including both non-
genetic and genetic factors (14, 49-51). The accuracy of the
existing PRS is not ready yet to be used in the clinical practice. It
is necessary to expand the PRS with additional risk factors to
improve its predictive power. For example, PRS including more
SNPs that are not genome-wide significant but having
noteworthy effects such as the ones we highlighted in this work
may provide an additive contribution to the overall performance.

CONCLUSIONS

In conclusion, we propose some candidate SNPs as recessively
inherited genetic variants for pancreatic cancer risk in European
populations, which should be further confirmed by better
powered investigations and/or meta-analysis of our results with
those of other studies. Although none of the SNPs reached the
genome-wide statistical significance, it is still worth to include
these relevant SNPs into the PRS approach for risk stratification.
A risk stratification approach with high predictive power could
be used to identify subgroups at particularly increased risk of
pancreatic cancer, either in the general population or in groups
that are already known to have an elevated risk, such as diabetics.
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