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Abstract 
Coding sequence variants comprise a small fraction of the germline genetic variability of the human genome. However, they often cause dele-
terious change in protein function and are therefore associated with pathogenic phenotypes. To identify novel pancreatic ductal adenocarcinoma 
(PDAC) risk loci, we carried out a complete scan of all common missense and synonymous SNPs and analysed them in a case–control study 
comprising four different populations, for a total of 14 538 PDAC cases and 190 657 controls. We observed a statistically significant associ-
ation between 13q12.2-rs9581957-T and PDAC risk (P = 2.46 × 10−9), that is in linkage disequilibrium (LD) with a deleterious missense variant 
(rs9579139) of the URAD gene. Recent findings suggest that this gene is active in peroxisomes. Considering that peroxisomes have a key role 
as molecular scavengers, especially in eliminating reactive oxygen species, a malfunctioning URAD protein might expose the cell to a higher load 
of potentially DNA damaging molecules and therefore increase PDAC risk. The association was observed in individuals of European and Asian 
ethnicity. We also observed the association of the missense variant 15q24.1-rs2277598-T, that belongs to BBS4 gene, with increased PDAC risk 
(P = 1.53 × 10−6). rs2277598 is associated with body mass index and is in LD with diabetes susceptibility loci. In conclusion, we identified two 
missense variants associated with the risk of developing PDAC independently from the ethnicity highlighting the importance of conducting re-
analysis of genome-wide association studies (GWASs) in light of functional data.

Graphical Abstract 
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Abbreviations: BBJ, BioBank Japan;  eQTL, expression quantitative trait loci;  GWASs, genome-wide association studies;  JaPAN, Japan Pancreatic Cancer 
Research;  LD, linkage disequilibrium;  NCC, National Cancer Center;  PanC4, Pancreatic Cancer Case-Control Consortium;  PCA, Principal component analysis;  
PDAC, pancreatic ductal adenocarcinoma;  pQTL, protein quantitative trait loci;  SNPs, single nucleotide polymorphisms. 

Introduction
Pancreatic ductal adenocarcinoma (PDAC) represents the ma-
jority of all pancreatic cancers. It is the 7th cause of cancer 
related deaths and it has been estimated to become the second 
by 2030 (1,2). Although the survival of the patients has in-
creased in the last years, PDAC is characterized by compar-
able incidence and mortality rates, with a 5-year survival 
after diagnosis around 9% (3). The low survival rate is due 
to the difficult diagnosis at early stages, resulting in only one 
fifth of the patients amenable to surgical treatment (4,5). To 
date, a handful of high penetrance mutations have been asso-
ciated with increased PDAC risk through family-based studies 
(3,6). Moreover, various common low-risk variants have been 
identified, individually or grouped in polygenic risk scores 
through candidate region and genome-wide association studies 
(GWASs) (6–18). However, the number of single nucleotide 
polymorphisms (SNPs) associated with PDAC susceptibility 
is considerably lower compared to other common solid tu-
mours and a large proportion of the genetic heritability for 
this disease remains to be identified. Although GWASs have 
been successful in identifying susceptibility variants, their func-
tional involvement in PDAC development remains elusive. In 
addition, GWAS are also prone to false negatives since only 
the top findings (P < 5 × 10−8) are usually reported. A possible 
solution to overcome these limitations, and identify new risk 
variants, is to perform secondary analysis of GWAS data (i.e. 
re-analysing a list of SNPs with a higher a priori probability to 
be associated because, for example, of their functionality) fol-
lowed by a replication in one or more independent case–con-
trol sets. This strategy has been successfully used to identify 
functional variants, especially regulatory ones, associated with 
PDAC risk (18–22). A particularly interesting class of SNPs are 
those that affect the sequence and the biochemical properties 
of the encoded protein (i.e. missense and stop-gain or stop-
loss) or that may alter the codon usage (synonymous variants). 
Missense and truncating variants are associated, for example, 
with breast (23,24), gastric (25), prostate (26), and ovarian 
cancer risk (27). Additionally, several common missense vari-
ants have also been reported to be associated with multiple 
cancers (28–30).

Common synonymous germline variants have also been 
associated with several tumours. One of the most studied, 
rs1045642 in the ABCB1 gene, is associated with many 
human phenotypes including risk of several cancer types (31).

With these premises, the aim of this study was to identify 
novel PDAC risk loci by analysing all missense, stop-gain/
stop-loss and synonymous SNPs in the human genome using 
14 538 PDAC cases and 190 657 controls.

Materials and methods
The study was designed in a discovery phase, in which the 
SNPs of interest were selected and analysed in four studies 
consisting of 11 296 cases and 186 908 controls and in a 
replication phase, where the SNPs that showed a statistically 
significant association in at least three or the four discovery 
datasets were genotyped and analysed in an independent 
case–control set consisting of 3242 PDAC cases and 3749 
controls belonging to the PANDoRA consortium.

Discovery phase
A complete list of all common (minor allele frequency, Global 
MAF > 1% in the 1000 Genomes project) germline missense 
(N = 49 423), stop-gain (N = 1094), stop-loss (N = 26) and 
synonymous (46 499) SNPs, was compiled using the NCBI 
Single Nucleotide Polymorphism (dbSNP) public database. The 
selected SNPs were analysed in the discovery phase using four 
datasets: the Pancreatic Cancer Cohort Consortium (PanScan 
I, II, III) the Pancreatic Cancer Case-Control Consortium 
(PanC4) GWASs, the summary statistics of a meta-analysis 
based on three Japanese studies [the Japan Pancreatic Cancer 
Research (JaPAN) consortium GWAS, the National Cancer 
Center (NCC) GWAS, and the BioBank Japan (BBJ) GWAS 
(this dataset will be referred to as JaPAN), and the FinnGen 
study]. The genotypes of PanScan and PanC4 were downloaded 
from the database of Genotypes and Phenotypes (dbGaP; study 
accession nos. phs000206.v5.p3 and phs000648.v1.p1; pro-
ject reference # 12644). The summary statistics of the JaPAN 
consortium and the FinnGen study are available at www.aichi-
med-u.ac.jp/JaPAN and www.finngen.fi respectively.

Genotyping and quality control details of PanScan and 
PanC4 have been described in the original publications 
(7,11,15,16). More details on data filtering and quality con-
trol procedures are given in the original publications (13) 
or in the respective websites (www.aichi-med-u.ac.jp/JaPAN 
and www.finngen.fi). The genotypes of PanScan and PanC4 
were imputed using the Michigan Imputation Server (https://
imputationserver.sph.umich.edu), and the Haplotype 
Reference Consortium (HRC, V.r1.1) as reference panel.

Before imputation, the following quality control filters were 
applied to the datasets: removal of individuals with gender 
mismatches, call rate <0.98 and minimal or excessive het-
erozygosity (>3 SDs from the mean). Additionally, the SNPs 
with a MAF < 0.01, call-rate < 98%, cryptic relatedness (PI_
HAT > 0.2), low-quality imputation score (information score 
<0.7), and evidence for violations of Hardy-Weinberg equi-
librium (P < 1 × 10−5) were discarded. Principal component 
analysis (PCA) was performed with PLINK 2.0, including the 
genotypes of phase 3 of the 1000 Genomes Project as refer-
ence panel (32). Individuals not clustering in the PCA with the 
1000 Genomes subjects of European descent were excluded 
from further analysis. After QCs the discovery dataset con-
sisted of 4857 PDAC cases and 3418 controls for PanScan 
and 3881 PDAC cases and 3616 controls for PanC4 (Table 
1) which were analysed for 7 509 345 SNPs. The ‘inflation 
factor’ calculated in each dataset, did not show evidence of 
systematic inflation (λ = 1.000 for PanScan λ = 1.000 for 
PanC4, and λ = 1.000 for the aggregate dataset).

The available summary statistics of the JaPAN consortium 
and the FinnGen studies were obtained from the analysis of 
2039 PDAC cases and 32 592 controls for JaPAN, and 519 
PDAC cases and 147 282 controls for FinnGen (R5 release) 
(Table 1). The discovery phase consisted therefore, of a total 
of 11 296 PDAC cases and 186 908 controls.

Replication phase
In the replication phase, the SNPs that showed an association 
with PDAC risk (P < 0.05) in at least three datasets, that did 
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not show evidence of heterogeneity (PHet > 0.05), that were 
independent to SNPs already known to be associated with 
PDAC risk through GWAS (r2 < 0.8 in Europeans) and that 
had a statistical power to be replicated higher than 0.8F were 
genotyped in 3242 PDAC cases and 3749 from PANDoRA, 
which has been previously described in detail (33,34). Briefly, 
pancreatic cancer cases and controls, with information on 
sex, age of diagnosis for the cases and age of recruitment 
for the controls, were collected from ten European coun-
tries (Greece, Italy, Germany, Netherlands, Denmark, Czech 
Republic, Hungary, Poland, Lithuania, United Kingdom) and 
Brazil. The controls were enrolled among the general popula-
tion, blood donors or hospitalized individuals not affected by 
cancer (Table 1). PANDoRA individuals were genotyped using 
TaqMan technology, using 384-well plates in which negative 
controls and duplicate samples (approximately 8%) were in-
cluded for quality control purpose. QuantStudioTM 5 Real-
Time PCR system (Thermofisher, USA) was used to determine 
the genotypes. The intronic variant URAD-rs9581957-T, 
was selected as a proxy for the missense variant rs9579139 
(r2 = 0.97, Dʹ = 0.99) since the probe was not available as 
TaqMan assay.

Statistical analysis
The number of available SNPs to be analysed in the discovery 
phase (i.e. SNPs for which genotyping, or imputation data 
was available) were 45 200 for PanScan and PanC4 23 979 
SNPs for JaPAN and 44 378 SNPs for FinnGen. A logistic 
regression, adjusting for sex, age, and the first eight principal 
components was used in the discovery phase. In the replica-
tion phase, the selected SNPs were analysed using logistic re-
gression adjusting for sex, age (at recruitment for controls, 

at diagnosis for cases) and country of origin. Finally, a meta-
analysis considering all the populations together was per-
formed. To calculate the threshold for statistical significance 
corrected for multiple testing we computed the number of 
independent SNPs (r2 < 0.8) that was of 13 164, resulting in 
P = 3.80 × 10−6 (0.05/13 164).

Functional characterization
All SNPs that showed a statistically significant association 
after multiple testing correction were investigated for their 
effect on the protein using PolyPhen-2 (35) and SIFT (36). 
These two tools predict the possible impact on the structure 
and function of a human protein due to an amino acidic sub-
stitution caused by allelic change of missense SNPs. In add-
ition, data from the Genotype-Tissue Expression (GTEx) 
project (37) were used to analyse the SNPs in relation to gene 
expression to determine if they are expression quantitative 
trait loci (eQTL). Open Target Genetics data were used to 
collect data on protein quantitative trait loci (pQTL) (38).

Results
After analysing the discovery set eight SNPs fulfilled the cri-
teria described in the material and methods and were geno-
typed in PANDoRA.

The association analysis of these eight SNPs in PanScan, 
PanC4, JaPAN, and FinnGen is reported in Table 2. In 
PANDoRA an association between VIPR2-rs3793232-C and 
an increased PDAC risk (OR = 1.13, 95% CI = 1.04–1.23, 
P = 3.19 × 10−3), and URAD-rs9581957-T and decreased risk 
(OR = 0.88, 95% CI = 0.80–0.98, P = 0.017) was observed 
(Table 2).

The meta-analysis of discovery and replication phase 
showed two associations with a P-value below the significance 
threshold corrected for multiple testing (P = 3.80 × 10−6). The 
missense variant rs9579139, analysed in the replication phase 
using its proxy URAD-rs9581957-T (r2 = 0.97, Dʹ = 0.99), 
was associated with reduction of PDAC risk (OR = 0.88, 
95% CI = 0.85–0.92, P = 2.46 × 10−9), and the missense 
variant BBS4-rs2277598-T was associated with an increase 
PDAC risk (OR = 1.08, 95% CI = 1.05–1.12, P = 1.53 × 10−6) 
(Table 2). The forest plots obtained from the combined 
datasets (PanScan, PanC4, JaPAN, FinnGen and PANDoRA) 
are reported in Figure 1. PolyPhen-2 classifies rs9579139 as 
possibly damaging and rs2277598 as benign, while SIFT clas-
sifies rs9579139 as deleterious and rs2277598 as tolerated. 
The two SNPs are not associated with an altered gene expres-
sion and protein levels in pancreatic tissues according to the 
GTEx and Open Target Genetics databases. A visual repre-
sentation of the regions around rs9579139 and rs2277598, 
using LocusZoom and divided by ancestry, is reported in 
Supplementary Figures 1 and 2.

Discussion
In this study, all common (MAF > 1%) germline missense and 
synonymous SNPs were analysed in relation to PDAC risk in 
a multi-phase study consisting of 14 538 PDAC cases and 190 
657 controls.

The most statistically significant association was ob-
served for 13q12.2-rs9581957 (P = 2.46 × 10−9). This SNP is 
an intronic variant of the URAD gene, and it was selected 

Table 1. Details of study populations

Cases Controls

Discovery phase

 � PanScan I–II–III 4857 3418

 � PanC4 3881 3616

 � JaPAN 2039 32 592

 � FinnGen 519 147 282

Replication phase

 � PANDoRA 3242 3749

 � Brazil 69 259

 � Czech Republic 382 176

 � Germany 452 1131

 � Greece 115 16

 � Hungary 319 367

 � Italy 1448 1520

 � Lithuania 249 181

 � Netherlands 154 62

 � Poland 54 37

Sex

 � Female 1491 (46%) 1722 (46%)

 � Male 1752 (54%) 2027 (54%)

Median age (25–75%) 65.1 (58–73) 57.8 (50–67)

Combined analysis

 � Total 14 538 190 657
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as proxy (r2 = 0.97, Dʹ = 0.99) for the missense variant 
URAD-rs9579139. The minor allele (T) of 13q12.2-rs9579139 
determines an aminoacidic change from the polar positively 
charged Arginine to the polar non charged Serine at position 
114. PolyPhen classifies this change as possibly damaging and 
SIFT as deleterious. The URAD protein is a decarboxylase 
involved in the purine metabolism. However, the specific 
role of this protein in humans is uncertain (39). In mammals, 
the decarboxylase activity of the URAD gene is limited to 
the stereoselective decarboxylation of 2-oxo-4-hydroxy-4-
carboxy-5-ureidoimidazoline (OHCU) to (S)-allantoin, which 
does not occur in humans. However, the URAD gene ex-
pression has recently been detected in several organs of the 
digestive system. The fact that the gene is active in humans 
suggests that it has another function that is still unknown. 
In fact, very recently, the Alliance of Genome Resources pro-
ject suggested that the URAD protein is active in peroxisomes 
(39). Considering that peroxisomes have a key role as mo-
lecular scavengers, especially in eliminating reactive oxygen 
species, it is tempting to speculate that a malfunctioning 
URAD protein might expose the cell to a higher load of po-
tentially DNA damaging molecules and therefore increase 
PDAC risk.

Another possible explanation for the association of 
13q12.2-rs9581957 is that it is in LD (r2 = 0.71) with 
rs9579135, a genetic locus of glycate haemoglobin level in 
blood that is a marker for diabetes (T2D), which in turn is an 
establish PDAC risk factor. Additionally, 13q12.2-rs9581957 
is also in LD (r2 = 0.61) with rs4581570, a T2D genetic risk 
locus (40,41).

We also observed an association of 15q24.1-rs2277598-T 
(P = 1.53 × 10−6) with increased PDAC risk. This SNP is a 
missense variant of Bardet-Biedl syndrome 4 (BBS4) gene, and 
the T allele is associated to the aminoacidic change from iso-
leucine to threonine which is classified as benign by Polyphen 
and tolerated by SIFT. BBS4 is ubiquitously expressed in 
all tissues, and it is involved in intracellular trafficking via 
microtubule-related transport. High penetrance mutations in 
this gene are associated to the Bardet-Biedl syndrome type 4, 
that has a heterogeneous plethora of clinical manifestation 
and disorders (42), among which obesity and diabetes mel-
litus. 15q24.1-rs2277598 is also associated with body mass 
index (BMI) (43), while SNPs in LD with it are associated 
with various traits correlated to T2D and BMI (44–48).

It is, therefore, possible to speculate that while high pene-
trance mutations in this gene are causative of BBS4 syndrome, 
low penetrance SNPs contribute to complex and related traits, 
such as BMI, diabetes and PDAC. Given the relevance of BMI 
and diabetes as risk factors for PDAC occurrence, this finding 
deserve attention.

A clear strength of this study, besides being the largest in-
vestigation on missense and synonymous variants and PDAC 
risk, is represented by the multiple ethnicities analysed, con-
sidering that is uncommon for a SNP to be associated across 
multiple ethnic groups, especially in PDAC. A possible limi-
tation of this study is that many SNPs that were identified as 
missense, synonymous, stop-gain and stop-loss, could not be 
analysed in the discovery phase since they were not genotyped 
or imputed in the arrays. Additionally, we focussed only on 
common SNPs since we had no power to investigate rarer 
variants, even though we used the largest possible genetic 
dataset on PDAC.

In conclusion, in the present study we identified two novel 
missense variants associated with PDAC risk in populations 
of different ethnicity, with a plausible function related with 
increased risk of developing cancer.
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