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Abstract

Correlated regions of systemic interindividual variation (CoRSIV) represent a small

proportion of the human genome showing DNA methylation patterns that are the

same in all human tissues, are different among individuals, and are partially regulated

by genetic variants in cis. In this study we aimed at investigating single-nucleotide

polymorphisms (SNPs) within CoRSIVs and their involvement with pancreatic ductal

adenocarcinoma (PDAC) risk. We analyzed 29,099 CoRSIV-SNPs and 133,615
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contribution

CoRSIV-mQTLs in 14,394 cases and 247,022 controls of European and Asian

descent. We observed that the A allele of the rs2976395 SNP was associated with

increased PDAC risk in Europeans (p = 2.81 � 10�5). This SNP lies in the prostate

stem cell antigen gene and is in perfect linkage disequilibrium with a variant

(rs2294008) that has been reported to be associated with risk of many other cancer

types. The A allele is associated with the DNA methylation level of the gene accord-

ing to the PanCan-meQTL database and with overexpression according to QTLbase.

The expression of the gene has been observed to be deregulated in many tumors of

the gastrointestinal tract including pancreatic cancer; however, functional studies are

needed to elucidate the function relevance of the association.

K E YWORD S

DNA methylation, pancreatic cancer, risk factors, single-nucleotide polymorphism

What's new?

Correlated regions of systemic interindividual variation (CoRSIV) contain or are near to single-

nucleotide polymorphisms (SNPs) that are likely to be associated with disease. Here, CoRSIVs

were analyzed for the presence of SNPs and methylation quantitative trait loci effects in relation

to pancreatic ductal adenocarcinoma (PDAC) risk in individuals of European or Asian descent.

Of 29,099 CoRSIV SNPs identified, only 1—the A allele of PSCA-rs2976395—was found to have

a possible relationship with PDAC risk. The rs2976395 SNP was associated with increased PSCA

methylation. Further investigation of PSCA-rs2976395 is needed to better elucidate its rele-

vance in PDAC.

1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive form

of cancer, with a 5-year survival after diagnosis of about 11%.1 PDAC

is expected to become the second leading cause of cancer-related

deaths in western countries by 2030.2 The main reasons for this mea-

gre survival are the absence of specific symptoms, of effective cura-

tive treatment and of applicable preventive measures, through risk

stratification and early detection.3 Only a small number of non-genetic

risk factors including smoking behavior high body mass index (BMI),

pancreatitis and age have been identified.4 Several others have been

suggested, but with limited validation.4,5 Genetic association studies

have identified approximately 30 susceptibility loci through genome-

wide association studies (GWAS)6–13 or large candidate region/gene

approaches.14–20 However, only a very limited proportion of the heri-

tability of the disease has been determined, indicating that many more

loci need to be discovered.21 Recently, secondary analysis of GWAS

data (i.e., the re-analysis of large GWAS, using only single-nucleotide

polymorphisms [SNPs] belonging to a certain pathway or functional

class, followed by a replication in a large cohort for validation) has

been used to identify regulatory SNPs associated with PDAC risk, that

were not reported by the original GWASs.22–24 In addition to environ-

mental and genetic components, also epigenetics plays a role in PDAC

development.25 In particular, several studies have shown the impor-

tance of aberrant DNA methylation in PDAC pathogenesis.26–28 How-

ever, DNA methylation is tissue-specific and changes over time,

which makes impractical to analyze it in an epidemiologic setting. Very

recently Gunasekara and colleagues have identified 9926 methylated

sequences, called correlated regions of systemic interindividual varia-

tion (CoRSIV), that show the same DNA methylation patters in all tis-

sues/organs and do not change over time. Interestingly, the DNA

methylation pattern is different among different individuals.29 CoRSIV

regions are 200–300 bp long are randomly distributed in the genome

and represent only the 0.1% of the genome. CoRSIV regions are poly-

morphic, and their DNA methylation status is largely regulated by

SNPs acting in cis or in trans. In addition, CoRSIV regions are often

identified as top hits in epigenome-wide association studies (EWAS)

and therefore SNPs within their sequence or nearby are likely candi-

dates to be associated with disease risk.30 The discovery of CoRSIV

has prompted the investigation of their effect in various diseases, and

they have been found to be associated with several human pathologic

phenotypes, including metabolic diseases, cardiovascular diseases,

mental disorders and digestive system diseases.29 Gunasekara and

colleagues also tested, within the UK Biobank (UKBB), if CoRSIVs

were implicated in four cancers, but surprisingly, they have not identi-

fied strong association. However, an analysis for PDAC was not

reported, possibly because the number of PDAC cases in UKBB is rel-

atively low.30 Therefore, considering that CoRSIV-related SNPs regu-

late the methylation level at the region, the aim of this study was to

analyze the germline genetic variability within CoRSIV regions to iden-

tify novel susceptibility loci and to colocalize known PDAC risk loci in

CoRSIV regions, in order to give a functional explanation, exploiting
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existing databases, to variants that have already been reported but for

which the biologic mechanism is unclear. The study of CoRSIV SNPs

in PDAC is particularly relevant because, as an organ is not easily

accessible for epigenetic epidemiology studies and because the unex-

plained heritability of the disease is still high, suggesting that many

loci remain to be discovered.

2 | MATERIALS AND METHODS

2.1 | CoRSIV SNP and CoRSIV-mQTL
identification

A total of 9926 CoRSIV regions, as defined by Gunasekara and col-

leagues, have been selected.29 In each CoRSIV, all SNPs with minor

allele frequency (MAF) higher than 5% in Europeans and East

Asians were identified using the data downloaded from the 1000

Genome website (https://www.internationalgenome.org/). In

addition, 133,615 SNPs and their proxies (r2 > .8) that have shown

a strong methylation quantitative trait locus (mQTL) effect on

CoRSIV (CoRSIV-mQTL), have been included in the analysis. These

SNPs were identified by a recent work by Gunasekara et al.,30 as

having regulatory effect on CoRSIV methylation and intriguingly

are not necessarily situated in CoRSIV regions.

2.2 | Study subjects and workflow

The association between CoRSIV-SNPs, CoRSIV-mQTL, and PDAC

risk was tested in individuals of European descent, using four differ-

ent studies: the Pancreatic Cancer Cohort Consortium (PanScan), the

Pancreatic Cancer Case-Control Consortium (PanC4), the FinnGen

project as discovery, and the PANcreatic Disease ReseArch

(PANDoRA) consortium as replication, for a total of 12,355 PDAC

cases and 214,430 controls. Genotype data of PanScan (I–III) and

PanC4 studies was downloaded from the NCBI database of geno-

types and phenotypes (dbGaP) (study accession numbers

phs000206.v5.p3 and phs000648.v1.p1; project reference #12644).

Detailed information on the study participants and genotyping arrays

used are described in the original publications.8–12 The PanScan (I–

III) and PanC4 datasets were merged. Individuals that did not pass

quality control procedures (gender mismatches, call rate <0.98), mini-

mal or excessive heterozygosity (>3 standard deviation from the

mean) or cryptic relatedness (PI_HAT >0.2) were excluded from the

dataset to be imputed. SNPs with low imputation quality (INFO

score r2 < .7, MAF <0.01 or call rate <0.9) were excluded after impu-

tation, and evidence for violation of the Hardy–Weinberg equilib-

rium (p < 10�6) were excluded. Individuals not clustering in the PCA

with the 1000 Genomes subjects of European descent were

excluded from further analysis. The final dataset comprised 15,772

individuals (8738 cases and 7034 controls).

The FinnGen project GWAS on 881 PDAC cases and 204,070

controls (excluding other cancer types) was used. Summary statistics

were downloaded (FinnGen Release R6) from the FinnGen website.

More details on genotypes, data and statistical analysis are available

at the FinnGen website (https://www.finngen.fi).

Then, CoRSIV-SNPs and CoRSIV-mQTLs with a statistically signifi-

cant association (p < .05) in PanScan+PanC4 and FinnGen were repli-

cated in the PANDoRA consortium. The detailed description of

PANDoRA consortium is available elsewhere.31 Briefly, it is a large multi-

centric study involving several European countries and Brazil. In this

study, a total of 2736 cases and 3326 controls of European descent, and

68 cases and 254 controls from Brazil were used. Controls were blood

donors and hospitalized individuals without diagnosis of cancer. Addi-

tional German controls from the longitudinal prospective ESTHER study

and Dutch controls from the European Prospective Investigation into

Cancer and Nutrition (EPIC, epic.Iarc.fr/), two prospective cohorts with

available GWAS data, were included in the study.

The association between CoRSIV-SNPs and PDAC was also

tested in an East Asian population sample, consisting of the summary

statistics of a meta-analysis including three GWASs (JaPAN, National

Cancer Centre and BioBank Japan GWASs). Data were downloaded

from the JaPAN consortium website for a total of 2034 PDAC cases

and 32,592 controls.12 The details of the studies used are summarized

in Table 1.

2.3 | Data and statistical analysis

For the subjects of European descent, a two-phase association study

was performed. The association between CoRSIV-SNPs, CoRSIV-

mQTLs, and PDAC risk was tested in the PanScan + PanC4 datasets

as discovery phase, with a logistic regression analysis, adjusting for

age, sex, and the top eight principal components, and in the summary

statistics of FinnGen. SNPs with a p-value lower than .05 in both

PanScan + PanC4 and FinnGen were genotyped in PANDoRA. After

genotyping, the association with PDAC was tested through a logistic

regression analysis, adjusting by age, sex, and country of origin. The

analyses were performed including or excluding the Brazilian cases

and controls, to verify whether this multiethnic group could alter the

results. Then, a meta-analysis was performed between the two phases

using a fixed effect model, with the R package meta.32

For East Asians, the summary statistics of JaPAN consortium as

reported by Lin and colleagues were used.12

To account for multiple testing, we considered linkage disequilibrium

(LD, r2 > .6) among the SNPs used in the discovery phase (CoRSIV-SNPs

+ CoRSIV-mQTL) to obtain a list of independent variants (n = 14,898

for European descent and n = 12,867 for Asian descent). The resulting

Bonferroni-corrected threshold were 0.05/10,538 = 3.35 � 10�6 and

0.05/12,867 = 3.89 � 10�6, respectively.

2.4 | Genotyping

DNA of cases and controls within PANDoRA consortium was

extracted from whole blood using the QIamp 96 DNA QIAcube HT
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Kit (QIAGEN, Hilden, Germany) and genotyped in 384-well plates

with TaqMan technology (ThermoFisher Applied Biosystems,

Waltham, Massachusetts). Approximately, the same number of cases

and controls was placed in each plate; for QC purposes, no-template

controls were included. Duplicate samples (around 8% of the

samples) were randomly added to the genotyping plates. Genotyping

calls were made with QuantStudio 5 Real-Time PCR system

(ThermoFisher) and QuantStudio software.

2.5 | Bioinformatics tools

To identify the CoRSIV position on the genome, the supplementary

materials of the study by Gunasekara et al. were used. In addition, we

used PanCan-meQTL, a database of mQTLs identified through the

combination of genotype and DNA methylation data downloaded from

TCGA data portal to evaluate the possible effect of the SNPs on CpG

site methylation (http://gong_lab.hzau.edu.cn/Pancan-meQTL/).33

QTLbase was used to check the QTL characteristics, that is, expression

QTL (eQTL), splicing QTL (sQTL, http://www.mulinlab.org/qtlbase).34

QTLbase aggregates data from various data sources, including TCGA,

GTEx, Pancan-MNVQTLdb, and DICE. We used also LDlink to evaluate

the LD blocks near CoRSIV regions (https://ldlink.nih.gov/).

2.6 | Colocalization and enrichment analyses

The possible involvement of mQTLs in pancreatic cancer risk was also

checked with a colocalization analysis performed between the pancre-

atic cancer mQTL data downloaded from PanCan-meQTL and

PanScan I, II, III and PanC4 genotyping datathe coloc.abf function

from the Rstudio package “coloc.” The estimate for the colocalization

was evaluated trough the PP.H4 value, that is, the probability of

shared common SNPs affecting both phenotypes. The signal of

colocalization was considered positive if PP.H4 was at least 75%.35

Additionally, an enrichment analysis was carried out using stratified

QQ plots comparing all GWAS data, only CoRSIV SNPs and only

CoRSIV-mQTL SNPs.36 The QQ plot was computed with “QQman”
Rstudio package.

3 | RESULTS

A total of 29,099 CoRSIV-SNPs (i.e., SNPs situated in the 9926

CoRSIV regions, identified by Gunasekara), and 133,615 CoRSIV-

mQTLs (i.e., SNPs identified by Gunasekara as mQTLs or in LD with

mQTLs). All SNPs selected were common (MAF >5%) in the

Europeans of the 1000 Genomes Project. Fifty CoRSIV-SNPs and

366 CoRSIV-mQTLs showed a nominal significant association

(p < .05) with PDAC risk in PanScan I-III, PanC4 and in the combined

PanScan I-III and PanC4 datasets (Supplementary Table 1). Among

them, 12 CoRSIV SNPs and 147 CoRSIV-mQTLs are in LD with

known PDAC susceptibility loci (Table 2). Among the remaining

variants, 6 CoRSIV-SNPs and 26 CoRSIV-mQTLs showed a nominal

significant association with PDAC also in FinnGen. After LD pruning

(r2 > .6), one independent CoRSIV-SNP (rs2976395) and four

independent CoRSIV-mQTLs (rs4676291, rs2976395, rs2816649,

rs56010181) were tested in PANDoRA, but none showed a statisti-

cally significant association. Table 3 shows the association of these

5 SNPs with PDAC and their mQTL effect and pvalue. The best result

was observed for the A allele of rs2976395, that showed a trend with

increased risk, although the association was not statistically significant

(odds ratio [OR] = 1.07; 95% confidence interval [CI] 0.90–1.16;

p = .12). For this variant, a meta-analysis considering all studies

together (PanScan I-III, PanC4, FinnGen, and PANDoRA) was carried

out. The results showed an increased risk associated with the A allele

OR = 1.08 (95% CI 1.04–1.12; p = 6.21 � 10�5), that however was

not significant after correction for multiple testing (3.35 � 10�6)

(Table 3). A workflow of the study is shown in Figure 1.

The possible involvement of CoRSIV-SNPs in PDAC risk was

tested also in the summary statistics of the JaPAN study. After filter-

ing, a total of 25,629 CoRSIV-SNPs with a MAF greater than 5% were

TABLE 1 Description of study
populations.

Colonna1 PanScan I II III, PanC4 FinnGen PANDoRA JaPAN Total

Diagnosis

Cases 8,738 881 2,736 2039 14,394

Controls 7,034 204,070 3326 32,592 247,022

Total 15,772 204,951 6062 34,631 261,416

Median age (years)

Cases 65 — 65 65

Controls 65 — 57 51

Sex %

Male 53% — 51% 57%

Female 47% — 49% 43%

Note: Information about age and sex is not available in the public data of the FinnGen project.

Abbreviations: PANDoRA, PANcreatic Disease ReseArch; PanScan, Pancreatic Cancer Cohort

Consortium; PanC4, Pancreatic Cancer Case-Control Consortium.
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either genotyped or imputed and 1383 showed a statistically

significant association p < .05, but none were statistically significant

considering the Bonferroni correction for multiple testing.

3.1 | Bioinformatic analysis results

According to PanCan-meQTL, the A allele of PSCA-rs2976395 is asso-

ciated with an increase of DNA methylation level of the PSCA gene

through a CpG site that is situated in the Exon 2 of the gene (β = .36,

p = 2.78 � 10�5). According to QTLbase, the A allele of PSCA-

rs2976395 was also associated with PSCA gene expression increase

(β = .553, p = 1.21 � 10�21).

In addition, the SNP is annotated as an sQTL (β = �.72,

p = 3.42 � 10�17) by QTLbase in pancreatic tumor tissues. This sQTL

may cause the inclusion in the transcript of Exon 2.1 instead of

Exon 2.2. All the results of the bioinformatic analysis regarding PSCA-

rs2976395 are shown in Table 4.

3.2 | Colocalization analysis

The colocalization analysis suggests that PSCA-rs2976395 and the

mQTL variants for PSCA do not represent the same association signal

(PP.H4 = 25%).

3.3 | Enrichment analysis

We observed that there was a substantial enrichment of mQTLs

among SNPs that were associated with PDAC (23.3%; 3703 of

15,873 SNPs) compared to SNPs that were not associated with PDAC

(9.8%; 623,689 of 6,377,535 SNPs). This was also explored with strat-

ified QQ plots using all GWAs data, only CoRSIV SNPs and only

CoRSIV-mQTL SNPs. The QQ plot considering all GWAS SNPs clearly

shows that there is little deviation from the expected λ = 1.05, while

the QQ plot with CoRSIV SNPs (λ = 1.21), and the one with CoRSIV-

mQTL SNPs (λ = 1.23) suggest that there are more statistically signifi-

cant associations than expected (Supplementary Figure 1).

4 | DISCUSSION

DNA methylation plays a role in pancreatic cancer carcinogenesis;

however, it is difficult to use as a biomarker in an epidemiologic study

setting because it is fluid (i.e., it changes due to endogenous and exog-

enous stimuli) and tissue specific. The identification of the CORSIV

regions (i.e., DNA sequences in which methylation is stable over time,

but different among individuals) and the following discovery that their

DNA methylation pattern is determined by mQTLs has opened the

possibility of studying the genetic variability of these regions in rela-

tion to human phenotypes. It has already been shown that many CoR-

SIV regions are located near or within genes involved in several

human phenotypes, including neoplasms and diseases of the digestive

system.29

This is the first study testing the hypothesis that mQTLs in

CoRSIV regions are involved in PDAC development. We identified a

SNP (PSCA-rs2976395), situated in a CoRSIV in the 30 UTR of the

PSCA gene that shows a promising association with PDAC risk. This

variant, according to Gunasekara, is also a CoRSIV-mQTL, that is, it is

associated with the CoRSIV methylation level. The PSCA gene

encodes a GPI-anchored cell membrane protein that is involved

in numerous cellular functions such as signal transduction, growth

regulation, proliferation and adhesion.38–40 The A allele of PSCA-

rs2976395 shows an association (p = 2.81 � 10�5) with increased

risk of PDAC in PanScan I-III, PanC4, and FinnGen, while in PANDoRA

the association shows the same trend (i.e., the OR goes in the same

direction), but it is not significant (p = .12). According to PanCan-meQTL,

PSCA-rs2976395 is associated with increased DNA methylation of the

PSCA gene through a CpG site that is situated in the Exon 2 of the PSCA

gene. Additionally, QTLbase annotates PSCA-rs2976395 as an sQTL

(p = 3.42 � 10�17) in pancreatic cancer tissue with the risk allele

TABLE 2 SNPs in linkage disequilibrium with known PDAC susceptibility loci and their functional characterization.

Region No. of SNPs No. of CoRSIV-SNPs No. of CoRSIV-mQTLs No. of mQTL-PDACa Study

1q32.1 1 1 0 0 Klein et al.13

7p12.3 1 1 0 0 Klein et al.13

9q31.1 76 1 75 75 Klein et al.13

12q14.2 1 1 0 0 Pistoni et al.24

12q24.31 19 3 16 16 Klein et al.13

17q12 56 0 56 55 Walsh et al.37

18q21.32 4 4 0 0 Childs et al.9

22q12.1 1 1 0 0 Klein et al.13

Note: No. of SNPs = total number of SNPs located in that region. No. of CoRSIV-SNPs = number of CoRSIV-SNPs located in that region. No. of CoRSIV-

mQTLs = number of CoRSIV-mQTLs located in that region. No. of mQTL-PDAC = number of SNPs annotated as mQTLs in pancreatic cancer tissue.
aInformation about the data of functional characterization (mQTL-PDAC) was taken from PanCan-meQTL.

Abbreviations: CoRSIV, Correlated Regions of Systemic Interindividual Variation; mQTL, methylation quantitative trait locus; PDAC, pancreatic ductal

adenocarcinoma; SNPs, single-nucleotide polymorphisms.
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associated with the inclusion of Exon 2. However, ad hoc functional

studies are needed to test this possibility.

PSCA-rs2976395 is in perfect LD with rs2294008 (r2 = 1, D0 = 1

in Europeans and r2 = .99, D0 = 1 in Asians of the 1000 Genomes

Project), a pleiotropic SNP associated with risk of multiple cancers.

The T allele of rs2294008 (in LD with the A allele of PSCA-rs2976395,

identified in the present study) has been consistently associated with

the development of gastric and bladder cancers in several ethnic

groups.41–43 There is overwhelming evidence that the genetic variabil-

ity at this locus influences the transcriptional regulation and mRNA

stability of the PSCA gene in epithelial cells.44 For example, Fu et al.

also reported the association between the T allele of rs22944008

SNP with increased expression of PSCA in bladder tissue.45 Therefore,

PSCA-rs2976395 may be involved in PDAC development through the

regulation of PSCA expression by regulating the DNA methylation sta-

tus of the gene. However, considering the strong LD pattern at that

locus, it is possible to unequivocally determine which SNP may be

responsible for the gene expression changes especially considering

that the associations between the alleles and the change in expression

level are derived from comparing genotypes with expression data

obtained from arrays and not by in vitro direct mutagenesis or gene

editing technique. Additionally, even though the possibility that the A

allele of rs2976395 modifies PSCA expression through DNA methyla-

tion regulation is intriguing, our colocalization analysis (using as out-

comes PDCA risk and methylation level) does not support this

hypothesis. Therefore, the functional relevance of the variant needs

to be investigated with ad hoc functional studies. An alternative

explanation, that seems completely unrelated to methylation, of the

casual relation between the SNP (or a SNP in LD with it) and PDAC

risk has been proposed by Fu et al. The authors showed that the T

allele of PSCA-rs2294008 creates a novel translation start site nine

amino acids upstream of the regular start site, which extend the PSCA

leader peptide, that can alter the function or the location of the result-

ing protein.45 Interestingly, a difference in the distribution of the

9926 CoRSIV
Sequence

29,099 CoRSIV-
SNPs

MAF >5% 50 CoRSIV-SNPs have a PanScan I–III, PanC4

After 
pruning

FinnGen

133,615 CoRSIV-
mQTLs

PanScan I 366 CoRSIV-mQTL have
a 

6 CoRSIV-SNPs have a 

26 CoRSIV-mQTLs have
a 

4 CoRSIV-mQTLs loci
(rs4676291, rs2976395, 

rs66527719, 
rs56010181)

have a 

MAF >5%

147 CoRSIV-mQTLs are 
in LD with PDAC known

risk loci

1 CoRSIV-SNP locus 
(rs2976395) has a 

None of them have a 
p-value lower than .05

12 CoRSIV-SNPs are in 
LD with PDAC known risk 

loci

38 novel CoRSIV-SNPs
have a p-value <.05

219 novel CoRSIV-
mQTLs have a p-value

<.05

Meta-analysis

PanScan I–III
PanC4
FinnGen
PANDoRA

rs2976395

–III, PanC4

p-value<.05

p-value<.05

p-value<.05

p-value<.05

p-value<.05

p-value<.05

F IGURE 1 Workflow of the study. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 All annotations of the best SNP PSCA-rs2976395.

SNP QTL Effect p-value Tool used Website Reference

rs2976395 eQTL 0.5825 1.21 � 10�21 QTLbase http://www.mulinlab.org/qtlbase Zheng et al.34

mQTL-PDAC 0.36 2.78 � 10�5 PanCan-meQTL http://gong_lab.hzau.edu.cn/Pancan-meQTL/ Gong et al.33

sQTL �0.72 3.42 � 10�17 QTLbase http://www.mulinlab.org/qtlbase Zheng et al.34

Abbreviations: eQTL, expression quantitative trait locus; mQTL, methylation quantitative trait locus; QTL, quantitative trait locus; SNP, single-nucleotide

polymorphism.
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cytoplasmic and membrane expression of this isoform was observed

in bladder and prostate cancer tissue compared to normal.45,46 How-

ever also in this case, as the authors state, the functional significance

is still under evaluation. It is also interesting to note that the risk allele

is the same for all tumor types involved, suggesting that the genetic

variability at this locus affect many tumor types in the same way,

which is consistent with a regulatory effect either at the transcrip-

tional or translational level that is conserved across multiple organs.

Supporting this, an incorrect regulation of the PSCA gene has been

observed in several tumor types including gastric and bladder can-

cer.47,48 For example, in a a very recent report, the downregulation of

PSCA was associated with gastric cancer proliferation.47 An increased

level of expression has been found in tumor tissue compared with

healthy tissue of several cancer types including prostate, bladder, and

pancreatic cancer.39,49,50

Another interesting point is the fact that seven CoRSIV-SNPs are

or are in LD with known PDAC risk loci. Considering that only 30

susceptibility loci are known for PDAC, the enrichment of CoRSIV-

related SNPs is clear. This trend was also confirmed by the fact that

23.3% of the statistically significant SNPs (p < .05 in PanScan I, II, III,

PanC4 and in the combined dataset) was annotated as an mQTL in pan-

creatic cancer tissue compared to 9.8% of non-significant SNPs. For

example, rs1517037, that was identified in the GWAS by Childs et al.,

is situated around 10 kb upstream of the gastrin releasing peptide

(GRP) gene.9 This locus is pleiotropic and is associated with type two

diabetes, BMI and Crohn's disease.51,52 Although the association was

validated in an additional study,13 the functional mechanisms by which

this SNP increases PDAC risk is still not clear, and we hypothesize that

it could be CoRSIV mediated. Additionally, rs7310409, reported in the

same study by Childs et al. is in almost perfect LD (r2 = .99, D0 = 1 in

Europeans) with rs2393776 that is in a CoRSIV. The GWAS SNP is

involved in the regulation of the expression of the hepatocyte nuclear

factor 1 homeobox A (HNF1A) gene that has been associated with

PDAC development, through inflammatory response, protein folding,

and cell growth.53,54 According to PanCan-meQTL, both SNPs

(rs7310409 and rs2393776) are mQTLs in pancreatic tumor tissue and

the G allele of the rs7310409 SNP, which is associated with increased

risk, decreases the DNA methylation of cg02403541, a CpG island

located in the promoter of the C12orf43 gene. The function of this

gene is not yet completely characterized but is involved in the regula-

tion of the Wnt signaling pathway. In addition, the structural mainte-

nance of chromosomes 2 (SMC2) locus that showed a strong mQTL

effect on CoRSIV was identified associated with PDAC by Klein et al.13

Taken together, these observations suggest a possible role of CoRSIV

variants in PDAC development and merit further investigation also in

other cancer types. A clear strength of this study is represented by the

large sample size and by the two-phase approach, that limit the chances

of reporting spurious associations. Moreover, our study highlights the

importance of secondary analysis of GWAS data. GWASs are prone to

false negatives considering the very strict threshold of significance that

is commonly used due to the large number of comparisons carried out,

and therefore secondary analysis are a useful tool for identifying addi-

tional loci that have possible functional relevance.

We are aware of the possible limitations of this study, namely the

association reported is not statistically significant considering multiple

testing and the biological mechanism proposed to explain the association

of PSCA-rs2976395 with PDAC risk (i.e., the regulation of the expression

of PSCA by regulating DNA methylation) does not derive from functional

data produced in this work but from two widely used SNP databases

such as PanCan-meQTL and GTEx and needs to be considered as

hypothesis generating. In addition, the pleiotropy of the locus is also a

possible indicator of a plausible true association. Another possible limita-

tion of the study is represented by the lack of prior CoRSIV annotations

specific for the Asian population that could be the possible cause for the

absence of strong associations of CoRSIV-SNPs in JaPAN, suggesting

that an appropriate study for this population is needed.

In conclusion, we report a possible new association of the

rs2976395 SNP that is situated in the PSCA gene and is pleiotropic

since it is associated with multiple cancer, but for which a functional

causality still needs to be established through gene editing or similar

experiments.
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accordance with the Declaration of Helsinki, and the protocol was

approved by the Ethics Commission of the Medical Faculty of the Uni-

versity of Heidelberg (project identification code: S-565/2015).

ORCID

Chiara Corradi https://orcid.org/0000-0001-6216-9803

Alessio Felici https://orcid.org/0009-0003-4116-0203

Cosmeri Rizzato https://orcid.org/0000-0002-7830-2178

Manuel Gentiluomo https://orcid.org/0000-0002-0366-9653

Bernd Holleczek https://orcid.org/0000-0001-8759-4371

Francesca Tavano https://orcid.org/0000-0002-8831-7349

Maria Gazouli https://orcid.org/0000-0002-3295-6811

Federico Canzian https://orcid.org/0000-0002-4261-4583

Daniele Campa https://orcid.org/0000-0003-3220-9944

REFERENCES

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA

Cancer J Clin. 2022;72:7‐33.
2. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLO-

BOCAN estimates of incidence and mortality worldwide for 36 can-

cers in 185 countries. CA Cancer J Clin. 2021;71:209‐249.
3. Singhi AD, Koay EJ, Chari ST, Maitra A. Early detection of pancreatic

cancer: opportunities and challenges. Gastroenterology. 2019;156:

2024‐2040.
4. Klein AP. Pancreatic cancer epidemiology: understanding the role of

lifestyle and inherited risk factors. Nat Rev Gastroenterol Hepatol.

2021;18:493‐502.
5. Lu Y, Gentiluomo M, Lorenzo‐Bermejo J, et al. Mendelian randomisa-

tion study of the effects of known and putative risk factors on pan-

creatic cancer. J Med Genet. 2020;57(12):820‐828.
6. Galeotti AA, Gentiluomo M, Rizzato C, et al. Polygenic and multifacto-

rial scores for pancreatic ductal adenocarcinoma risk prediction. J Med

Genet. 2020;58(6):369‐377. doi:10.1136/jmedgenet‐2020‐106961
7. Campa D, Gentiluomo M, Obazee O, et al. Genome‐wide association

study identifies an early onset pancreatic cancer risk locus. Int J Can-

cer. 2020;147(8):2065‐2074. doi:10.1002/ijc.33004
8. Amundadottir L, Kraft P, Stolzenberg‐Solomon RZ, et al. Genome‐

wide association study identifies variants in the ABO locus associated

with susceptibility to pancreatic cancer. Nat Genet. 2009;41:986‐990.
9. Wolpin BM, Rizzato C, Kraft P, et al. Genome‐wide association study

identifies multiple susceptibility loci for pancreatic cancer. Nat Genet.

2014;46:994‐1000.
10. Petersen GM, Amundadottir L, Fuchs CS, et al. A genome‐wide asso-

ciation study identifies pancreatic cancer susceptibility loci on chro-

mosomes 13q22.1, 1q32.1 and 5p15.33. Nat Genet. 2010;42:

224‐228.
11. Childs EJ, Mocci E, Campa D, et al. Common variation at 2p13.3,

3q29, 7p13 and 17q25.1 associated with susceptibility to pancreatic

cancer. Nat Genet. 2015;47:911‐916.
12. Lin Y, Nakatochi M, Hosono Y, et al. Genome‐wide association meta‐

analysis identifies GP2 gene risk variants for pancreatic cancer. Nat

Commun. 2020;11:3175.

13. Klein AP, Wolpin BM, Risch HA, et al. Genome‐wide meta‐analysis
identifies five new susceptibility loci for pancreatic cancer. Nat Com-

mun. 2018;9:556.

14. Campa D, Rizzato C, Stolzenberg‐Solomon R, et al. TERT gene har-

bors multiple variants associated with pancreatic cancer susceptibil-

ity. Int J Cancer. 2015;137:2175‐2183.
15. Giaccherini M, Farinella R, Gentiluomo M, et al. Association between

a polymorphic variant in the CDKN2B‐AS1/ANRIL gene and pancre-

atic cancer risk. Int J Cancer. 2023;153(2):373‐379.

16. Gentiluomo M, Peduzzi G, Lu Y, Campa D, Canzian F. Genetic poly-

morphisms in inflammatory genes and pancreatic cancer risk: a two‐
phase study on more than 14 000 individuals. Mutagenesis. 2019;34:

395‐401.
17. Rizzato C, Campa D, Giese N, Werner J, et al. Pancreatic cancer sus-

ceptibility loci and their role in survival. PLoS One. 2011;6:e27921.

18. Rizzato C, Campa D, Pezzilli R, Soucek P, et al. ABO blood groups and

pancreatic cancer risk and survival: results from the PANcreatic Dis-

ease ReseArch (PANDoRA) consortium. Oncol Rep. 2013;29:1637‐
1644.

19. Campa D, Pastore M, Gentiluomo M, et al. Functional single nucleo-

tide polymorphisms within the cyclin‐dependent kinase inhibitor

2A/2B region affect pancreatic cancer risk. Oncotarget. 2016;7:

57011‐57020.
20. Campa D, Matarazzi M, Greenhalf W, et al. Genetic determinants of

telomere length and risk of pancreatic cancer: a PANDoRA study. Int

J Cancer. 2019;144:1275‐1283.
21. Gentiluomo M, Canzian F, Nicolini A, Gemignani F, Landi S, Campa D.

Germline genetic variability in pancreatic cancer risk and prognosis.

Semin Cancer Biol. 2022;79:105‐131.
22. Lu Y, Corradi C, Gentiluomo M, et al. Association of genetic variants

affecting microRNAs and pancreatic cancer risk. Front Genet. 2021;

12:1‐11.
23. Corradi C, Gentiluomo M, Gajdán L, et al. Genome‐wide scan of long

noncoding RNA single nucleotide polymorphisms and pancreatic can-

cer susceptibility. Int J Cancer. 2021;148:2779‐2788.
24. Pistoni L, Gentiluomo M, Lu Y, et al. Associations between pancreatic

expression quantitative traits and risk of pancreatic ductal adenocar-

cinoma. Carcinogenesis. 2021;42:1037‐1045.
25. Natale F, Vivo M, Falco G, Angrisano T. Deciphering DNA methyla-

tion signatures of pancreatic cancer and pancreatitis. Clin Epigenetics.

2019;11:132.

26. Bararia A, Dey S, Gulati S, et al. Differential methylation landscape of

pancreatic ductal adenocarcinoma and its precancerous lesions. Hepa-

tobiliary Pancreat Dis Int. 2020;19:205‐217.
27. Silverman BR, Shi J. Alterations of epigenetic regulators in pancreatic

cancer and their clinical implications. Int J Mol Sci. 2016;17:2138.

28. Tang B, Li Y, Qi G, et al. Clinicopathological significance of CDKN2A

promoter hypermethylation frequency with pancreatic cancer. Sci

Rep. 2015;5:13563.

29. Gunasekara CJ, Scott CA, Laritsky E, et al. A genomic atlas of systemic

interindividual epigenetic variation in humans. Genome Biol. 2019;

20:105.

30. Gunasekara CJ, MacKay H, Scott CA, et al. Systemic interindividual

epigenetic variation in humans is associated with transposable ele-

ments and under strong genetic control. Genome Biol. 2023;24:2.

31. Campa D, Rizzato C, Capurso G, Giese N, et al. Genetic susceptibility

to pancreatic cancer and its functional characterisation: the PANcre-

atic Disease ReseArch (PANDoRA) consortium. Dig Liver Dis. 2013;

45:95‐99.
32. Balduzzi S, Rücker G, Schwarzer G. How to perform a meta‐analysis

with R: a practical tutorial. Evid Based Ment Health. 2019;22:153‐160.
33. Gong J, Wan H, Mei S, et al. Pancan‐meQTL: a database to systemati-

cally evaluate the effects of genetic variants on methylation in human

cancer. Nucleic Acids Res. 2019;47:D1066‐D1072.

34. Zheng Z, Huang D, Wang J, et al. QTLbase: an integrative resource

for quantitative trait loci across multiple human molecular pheno-

types. Nucleic Acids Res. 2020;48:D983‐D991.

35. Wang G, Sarkar A, Carbonetto P, Stephens M. A simple new approach

to variable selection in regression, with application to genetic fine

mapping. J R Stat Soc Series B Stat Methodol. 2020;82:1273‐1300.
36. Schork AJ, Thompson WK, Pham P, et al. All SNPs are not created

equal: genome‐wide association studies reveal a consistent pattern of

enrichment among functionally annotated SNPs. PLoS Genet. 2013;9:

e1003449.

CORRADI ET AL. 1441

 10970215, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.35046 by IR

C
C

S O
spedale San R

affaele, W
iley O

nline L
ibrary on [15/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-6216-9803
https://orcid.org/0000-0001-6216-9803
https://orcid.org/0009-0003-4116-0203
https://orcid.org/0009-0003-4116-0203
https://orcid.org/0000-0002-7830-2178
https://orcid.org/0000-0002-7830-2178
https://orcid.org/0000-0002-0366-9653
https://orcid.org/0000-0002-0366-9653
https://orcid.org/0000-0001-8759-4371
https://orcid.org/0000-0001-8759-4371
https://orcid.org/0000-0002-8831-7349
https://orcid.org/0000-0002-8831-7349
https://orcid.org/0000-0002-3295-6811
https://orcid.org/0000-0002-3295-6811
https://orcid.org/0000-0002-4261-4583
https://orcid.org/0000-0002-4261-4583
https://orcid.org/0000-0003-3220-9944
https://orcid.org/0000-0003-3220-9944
info:doi/10.1136/jmedgenet-2020-106961
info:doi/10.1002/ijc.33004


37. Walsh N, Zhang H, Hyland PL, et al. Agnostic pathway/gene set anal-

ysis of genome‐wide association data identifies associations for pan-

creatic cancer. J Natl Cancer Inst. 2018;111(6):557‐567. doi:10.1093/
jnci/djy155

38. Marra E, Uva P, Viti V, et al. Growth delay of human bladder cancer

cells by Prostate Stem Cell Antigen downregulation is associated with

activation of immune signaling pathways. BMC Cancer. 2010;10:129.

39. Saffran DC, Raitano AB, Hubert RS, Witte ON, Reiter RE, Jakobovits

A. Anti‐PSCA mAbs inhibit tumor growth and metastasis formation

and prolong the survival of mice bearing human prostate cancer

xenografts. Proc Natl Acad Sci USA. 2001;98:2658‐2663.
40. Saeki N, Gu J, Yoshida T, Wu X. Prostate stem cell antigen: a Jekyll

and Hyde molecule? Clin Cancer Res. 2010;16:3533‐3538.
41. Saeki N, Ono H, Yanagihara K, et al. rs2294008T, a risk allele for gas-

tric and gallbladder cancers, suppresses the PSCA promoter by

recruiting the transcription factor YY1. Genes Cells. 2015;20:382‐391.
42. Wang S, Tang J, Wang M, Yuan L, Zhang Z. Genetic variation in PSCA

and bladder cancer susceptibility in a Chinese population. Carcinogen-

esis. 2010;31:621‐624.
43. Yang J, Li W, Zhang Z, et al. PSCArs2294008 T polymorphism

increases the risk of bladder cancer in Bai, Dai, and Han ethnicity in

China and a potential mechanism. Genes Genomics. 2018;40:531‐541.
44. Zhang W, Liang P, Wang W, et al. The influence of PSCA gene varia-

tion on its expression and gastric adenocarcinoma susceptibility in

the northwest Chinese population. Int J Mol Sci. 2015;16:11648‐
11658.

45. Fu Y‐P, Kohaar I, Rothman N, et al. Common genetic variants in the

PSCA gene influence gene expression and bladder cancer risk. Proc

Natl Acad Sci USA. 2012;109:4974‐4979.
46. Májský A, Kyselová V. Prostate stem cell antigen (PSCA) and risk of

bladder cancer: linking genotypes to functional mechanisms. Genome

Biol. 2011;12:P15.

47. Xu L‐P, Qiu H‐B, Yuan S‐Q, Chen Y‐M, Zhou Z‐W, Chen Y‐B. Down-

regulation of PSCA promotes gastric cancer proliferation and is

related to poor prognosis. J Cancer. 2020;11:2708‐2715.
48. Han KR, Seligson DB, Liu X, et al. Prostate stem cell antigen

expression is associated with Gleason score, seminal vesicle

invasion and capsular invasion in prostate cancer. J Urol. 2004;

171:1117‐1121.
49. Link T, Kuithan F, Ehninger A, et al. Exploratory investigation of

PSCA‐protein expression in primary breast cancer patients reveals a

link to HER2/neu overexpression. Oncotarget. 2017;8:54592‐54603.
50. Reiter RE, Sato I, Thomas G, et al. Coamplification of prostate stem

cell antigen (PSCA) and MYC in locally advanced prostate cancer.

Genes Chromosomes Cancer. 2000;27:95‐103.
51. Liu JZ, Van Sommeren S, Huang H, et al. Association analyses identify

38 susceptibility loci for inflammatory bowel disease and highlight

shared genetic risk across populations. Nat Genet. 2015;47:979‐986.
52. Vujkovic M, Keaton JM, Lynch JA, et al. Discovery of 318 new risk

loci for type 2 diabetes and related vascular outcomes among 1.4 mil-

lion participants in a multi‐ancestry meta‐analysis. Nat Genet. 2020;
52:680‐691.

53. Lauc G, Essafi A, Huffman JE, et al. Genomics meets glycomics—the

first GWAS study of human N‐glycome identifies HNF1α as a mas-

ter regulator of plasma protein fucosylation. PLoS Genet. 2010;6:

1‐14.
54. Ley SH, Hegele RA, Connelly PW, et al. Assessing the association of

the HNF1A G319S variant with C‐reactive protein in Aboriginal

Canadians: a population‐based epidemiological study. Cardiovasc Dia-

betol. 2010;9:39.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Corradi C, Lencioni G, Felici A, et al.

Potential association between PSCA rs2976395 functional

variant and pancreatic cancer risk. Int J Cancer. 2024;155(8):

1432‐1442. doi:10.1002/ijc.35046

1442 CORRADI ET AL.

 10970215, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.35046 by IR

C
C

S O
spedale San R

affaele, W
iley O

nline L
ibrary on [15/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1093/jnci/djy155
info:doi/10.1093/jnci/djy155
info:doi/10.1002/ijc.35046

	Potential association between PSCA rs2976395 functional variant and pancreatic cancer risk
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  CoRSIV SNP and CoRSIV-mQTL identification
	2.2  Study subjects and workflow
	2.3  Data and statistical analysis
	2.4  Genotyping
	2.5  Bioinformatics tools
	2.6  Colocalization and enrichment analyses

	3  RESULTS
	3.1  Bioinformatic analysis results
	3.2  Colocalization analysis
	3.3  Enrichment analysis

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


