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Abstract: Background/Objectives Previous genome-wide association studies (GWAS) identified
genome-wide significant risk loci in chronic pancreatitis and investigated underlying
disease causing mechanisms by simple overlaps with expression quantitative trait loci
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(eQTLs), a procedure which may often result in false positive conclusions.
Methods We conducted a GWAS in 584 non-alcoholic chronic pancreatitis (NACP)
patients and 6040 healthy controls. Next, we applied Bayesian colocalization analysis
of identified genome-wide significant risk loci from both, our recently published
alcoholic chronic pancreatitis (ACP) and the novel NACP dataset, with pancreas
eQTLs from the GTEx V8 European cohort to prioritize candidate causal genes and
extracted credible sets of shared causal variants.
Results Variants at the CTRC (p = 1.22 x 10-21) and SPINK1 (p = 6.59 x 10-47) risk
loci reached genome-wide significance in NACP. CTRC risk variants colocalized with
CTRC eQTLs in ACP (PP4 = 0.99, PP4/PP3 = 95.51) and NACP (PP4 = 0.99,
PP4/PP3 = 95.46). For both diseases, the 95% credible set of shared causal variants
consisted of rs497078 and rs545634. CLDN2-MORC4 risk variants colocalized with
CLDN2 eQTLs in ACP (PP4 = 0.98, PP4/PP3 = 42.20) and NACP (PP4 = 0.67,
PP4/PP3 = 7.18), probably driven by the shared causal variant rs12688220.
Conclusions A shared causal CTRC risk variant might unfold its pathogenic effect in
ACP and NACP by reducing CTRC expression, while the CLDN2-MORC4 shared
causal variant rs12688220 may modify ACP and NACP risk by increasing CLDN2
expression.
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Halle, 11th February 2022 

 

 

Dear Dr. Miklós Sahin-Tóth, 

 

Please find attached our manuscript entitled “Colocalization analysis of pancreas 

eQTLs with risk loci from alcoholic and novel non-alcoholic chronic 

pancreatitis GWAS suggests potential disease causing mechanisms” which we 

would like to submit for consideration for publication in Pancreatology as an 

“Original article”. 

 

Chronic pancreatitis (CP) is one of the most frequent gastrointestinal diagnoses 

requiring hospitalization of patients. Thus far, genome-wide association studies 

(GWAS) revealed several common risk loci that contribute to CP development. Here, 

we conducted a GWAS analysis of non-alcoholic chronic pancreatitis (NACP) cases 

and found genome-wide significance for the SPINK1 and the CTRC locus.  

 

Next, we aimed to discover molecular mechanisms at the discovered NACP risk loci 

and at risk loci from our previously published alcoholic chronic pancreatitis (ACP) 

GWAS, by investigation of expression quantitative trait loci (eQTLs) from the 

European GTEx pancreas dataset. We identified eight potential regulated genes, 

which were further prioritized with Bayesian colocalization analysis. In ACP and 

NACP, we found evidence of colocalization between CTRC and CLDN2-MORC4 

GWAS signals and CTRC and CLDN2 eQTLs, respectively. Finally, we present the 

potentially shared causal variants behind the CP associations and eQTL signals.  

 

We believe that our study is of interest to the readership of Pancreatology as it 

supports well established CP risk loci, gives mechanistic explanations at known CP 
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risk loci and furthermore introduces the statistical method of Bayesian colocalization to the 

pancreatitis community. 

 

We thank you for your consideration and look forward to hearing about the disposition of our 

manuscript in the near future. 

 

Yours sincerely,  

 
Jonas Rosendahl, MD 
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Abstract 

Background/Objectives Previous genome-wide association studies (GWAS) identified genome-wide significant 

risk loci in chronic pancreatitis and investigated underlying disease causing mechanisms by simple overlaps with 

expression quantitative trait loci (eQTLs), a procedure which may often result in false positive conclusions. 

Methods We conducted a GWAS in 584 non-alcoholic chronic pancreatitis (NACP) patients and 6040 healthy 

controls. Next, we applied Bayesian colocalization analysis of identified genome-wide significant risk loci from 

both, our recently published alcoholic chronic pancreatitis (ACP) and the novel NACP dataset, with pancreas 

eQTLs from the GTEx V8 European cohort to prioritize candidate causal genes and extracted credible sets of 

shared causal variants. 

Results Variants at the CTRC (p = 1.22 x 10-21) and SPINK1 (p = 6.59 x 10-47) risk loci reached genome-wide 

significance in NACP. CTRC risk variants colocalized with CTRC eQTLs in ACP (PP4 = 0.99, PP4/PP3 = 95.51) 

and NACP (PP4 = 0.99, PP4/PP3 = 95.46). For both diseases, the 95% credible set of shared causal variants 

consisted of rs497078 and rs545634. CLDN2-MORC4 risk variants colocalized with CLDN2 eQTLs in ACP (PP4 

= 0.98, PP4/PP3 = 42.20) and NACP (PP4 = 0.67, PP4/PP3 = 7.18), probably driven by the shared causal variant 

rs12688220. 

Conclusions A shared causal CTRC risk variant might unfold its pathogenic effect in ACP and NACP by reducing 

CTRC expression, while the CLDN2-MORC4 shared causal variant rs12688220 may modify ACP and NACP risk 

by increasing CLDN2 expression.  
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Introduction 

Chronic pancreatitis (CP) is a recurring or continuous inflammation of the pancreas with exocrine and endocrine 

impairment of function. The predominant aetiology is alcohol abuse, whereas other factors are less common. In 

recent years, however, targeted and untargeted genetic studies have identified several genetic risk loci in alcoholic 

chronic pancreatitis (ACP) and non-alcoholic chronic pancreatitis (NACP) patients. So far, genetic defects can be 

assigned to a trypsin-centred and a ductal pathway in most cases [1]. 

The first risk gene discovered in CP was PRSS1, encoding the digestive enzyme cationic trypsinogen [2]. Coding 

mutations in this gene increase trypsin activity [3], which results in autodigestion of the pancreas. Further studies 

identified mutations in the genes SPINK1 and CTRC [4,5], encoding a trypsin inhibitor and a trypsin degrading 

protease, respectively. In addition, candidate studies discovered variants in further genes, encoding the digestive 

enzymes PNLIP, CEL and CPA1 [6–8] and the pancreatic ductal membrane proteins CFTR and TRPV6 [9,10]. 

The first genome-wide association study (GWAS) in CP revealed genome-wide significant risk variants at the 

PRSS1-PRSS2 and CLDN2-MORC4 loci and investigated potential disease causing mechanisms. Only for the 

PRSS1-PRSS2 risk locus, a significant correlation between risk genotype and expression levels of a neighbouring 

gene (PRSS1) was reported, whereas the risk allele at the CLDN2-MORC4 locus has been shown to be associated 

with an atypical localization of claudin-2 [11]. More recent association studies replicated both, the PRSS1-PRSS2 

and the CLDN2-MORC4 locus [12–14]. Furthermore, genome-wide significant associations for the risk loci 

CTRB1-CTRB2, CTRC and SPINK1 were identified in a recent ACP GWAS [13]. At the CTRB1-CTRB2 locus, 

the major allele of the SNP rs8048956 was linked to a 16.6 kb inversion, which might contribute to CP risk by 

modulating the gene expression levels of CTRB1 and CTRB2, leading to reduced anionic trypsinogen degradation 

[13].  

Both previous CP GWAS studies [11,13] investigated disease causing mechanisms by simple overlaps with eQTL 

data, a procedure which can be misleading as causal variants might be different. To uncover the biological 

mechanisms behind GWAS loci, refined analysis techniques are required. Bayesian colocalization analysis is a 

prominent approach to infer shared causal variants from association datasets, indicating disease causing 

mechanisms [15]. In the present study, we applied a GWAS to identify genome-wide significant risk loci in NACP. 

Next, we investigated colocalization of the here identified risk loci and recently published ACP risk loci [13] with 

pancreas specific European public domain eQTL data [16]. 

We found supportive evidence for causal genes and prioritized credible sets of shared causal variants at the 

respective ACP and NACP risk loci. 
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Methods 

Study population. The study cohorts consisted of 584 NACP cases, 1959 ACP cases and 6040 controls, all of 

European ancestry (Supplementary Table 1) [13]. Chronic pancreatitis was defined according to recent 

guidelines, if patients showed recurrent attacks or chronic pain, characteristic morphological changes in imaging 

studies and functional impairment of exocrine/endocrine pancreas function [17]. ACP was diagnosed when alcohol 

consumption was > 60g in females and > 80g in males per day for at least 2 years [13]. All included subjects gave 

their informed consent and in all participating study centres the corresponding medical ethical review committees 

approved the study. 

ACP and NACP GWAS-analysis. Genotyping and imputation was described in Rosendahl et al. [13]. Variants 

were filtered for MAF ≥ 0.01 and imputation info score ≥ 0.5 in ACP and NACP, respectively. Logistic regression 

of ACP and NACP datasets was conducted in PLINK 2.0 [18] with the first three principal components of the 

variant data included as covariates. Genomic control was applied to standard errors and p-values [19]. A Manhattan 

plot of the novel NACP GWAS dataset was generated with the function “manhattan” from the R package “qqman” 

[20]. 

Pre-filtering of eQTL genes. In brief, a set of input eQTL genes for the subsequent colocalization analysis was 

inferred by overlapping top GWAS variants at CP risk loci with significant variant-gene pairs from pancreas tissue 

(downloaded from https://www.gtexportal.org/home/datasets). Top GWAS variants were defined as the respective 

lead variants or variants in high LD (r2 ≥ 0.7, max. 250 kb distance). For calculations of LD, PLINK 1.9 [18] was 

used, applying the 1000Genomes European reference phase 1, V. 3 panel [21] as reference population. For lead 

variants that were not present in the 1000Genomes European cohort, the variant with the second or next strongest 

association at the respective locus was considered to define the set of high-LD variants, including the initial lead 

variant for further analysis. To merge both datasets, the GWAS variants were first lifted from hg19 to hg38, using 

the UCSC chain file (https://hgdownload.soe.ucsc.edu/gbdb/hg19/liftOver/) applying the R function “liftover” 

from the R package “rtracklayer” [22]. An eQTL gene was considered for Bayesian colocalization analysis, when 

sharing a significant eQTL signal in the pancreas with a top GWAS variant. Ensemble gene IDs were translated 

to HGNC symbols with the R package “biomaRt” [23]. 

Bayesian colocalization analysis. The applied Bayesian colocalization analysis investigates whether two 

association signals are consistent with a single shared causal variant [15]. In the case of a GWAS and an eQTL 

dataset, for each locus the posterior probabilities (PP0 – PP4) were calculated for five hypotheses; H0: No 

association within either GWAS or eQTL dataset, H1: Association only within GWAS dataset, H2: Association 
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only within eQTL dataset, H3: Association within GWAS and eQTL dataset, but independent variants, and H4: 

Shared causal variant associated within GWAS and eQTL dataset; based on the input data and defined prior 

probabilities p1: Prior probability for associated  variant within GWAS dataset, p2: Prior probability for associated 

variant within eQTL dataset, and p12: Prior probability for shared associated variant.  

Full European pancreas cis-eQTL summary statistics were downloaded from the GTEx V8 google cloud storage 

repository (https://console.cloud.google.com/storage/browser/gtex-resources). Bayesian colocalization analysis 

was applied on our NACP/ACP GWAS (lifted to hg38) and public domain European GTEx pancreas eQTLs with 

the “coloc.abf” function from the R package “coloc” [15], using beta coefficients (effect size) and standard errors 

(squared to obtain variances) as inputs. For the eQTL dataset, we furthermore defined the “sdY” parameter to be 

1 since GTEx expression values for each gene were normalized across samples using an inverse normal transform 

[16]. The default value 1 x 10-4 was chosen for the coloc parameters p1 and p2, for p12 a stringent parameter setting 

of 1 x 10-6 was chosen [15]. Coloc results of PP4 > 0.5 and PP4/PP3 ≥ 5 were considered as sufficient evidence of 

colocalization [24]. Bayesian colocalization analysis was conducted including all variants at CP risk loci annotated 

in both, the GWAS and eQTL datasets, ±1 MB from the transcriptional start site (TSS) of a given eQTL gene 

(number of input variants in Supplementary Table 2).  

To further evaluate the colocalization results, we visually inspected scatter plots of -log10eQTL/-log10GWAS p-

values for each investigated eQTL gene with the R package “ggplot2” [25]. A single spike of data points towards 

the top right corner and also top right data points may support colocalization [26]. Distinct (clusters of) top variants 

biased towards both, eQTL and GWAS signal strength (highlighted in red and green, respectively) speak against 

colocalization. At each colocalizing locus (PP4 > 0.5 and PP4/PP3 ≥ 5), we extracted the 95% credible set of 

shared causal variants from colocalization result objects in R, calculated from their respective posterior 

probabilities to be shared causal (“SNP.PP.H4”).  
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Results  

Identification of genome-wide significant NACP risk loci 

After conducting a GWAS analysis in 584 NACP cases and 6.040 controls, we discovered the two already reported 

CP risk loci SPINK1 and CTRC reaching genome-wide significance (Figure 1, Supplementary Table 3). The 

here identified SPINK1 lead variant (rs17107296, p = 6.59 x 10-47, OR = 11.25, CI = 8.09 to 15.64, Supplementary 

Table 3) was in perfect LD (r2 = 1.0) with the known pancreatitis risk mutation p.N34S [4] (rs17107315, p = 3.88 

x10-46, OR = 10.97, CI = 7.89 to 15.25, Supplementary Table 3). Notably, the association was stronger when 

compared to ACP (rs17107296: p = 4.15 x 10-15, OR = 3.81, CI = 2.73 to 5.31, Supplementary Table 5). The 

CTRC lead variant rs497078 (p = 1.22 x 10-21, OR = 2.28, CI =1.93 to 2.70, Supplementary Table 3) was in high 

LD (r2 = 0.85) with our previously discovered ACP lead variant rs545634 (p = 1.97 x 10-20, OR = 2.24, CI = 1.89 

to 2.66, Supplementary Table 3).  

 

Selection of input eQTL genes for Bayesian colocalization analysis 

After identification of genome-wide significant risk loci in NACP, we hypothesized that risk variants in CP may 

unfold their pathogenic potential by causing aberrant gene expression of nearby genes. Since known CP risk genes 

are predominantly expressed in the pancreas, we mapped pancreas eQTL data from the GTEx European cohort to 

our ACP and NACP GWAS datasets.  

We overlapped top GWAS variants at risk loci (lead variants and variants r2 ≥ 0.7 within a 250 kb window) with 

significant pancreas eQTLs (“significant variant-gene pairs” from GTEx V8). For all significant pancreas eQTLs 

with a top GWAS variant overlap, the respective gene was considered for the following Bayesian colocalization 

analysis. Note that the ACP lead variant rs2855983 was not annotated in the 1000Genomes European reference, 

so we obtained variants in high LD with the second strongest signal at this locus rs4726575 to form the set of top 

variants. 

In both, NACP and ACP, we obtained the eQTL gene CTRC at the CTRC risk locus (Supplementary Tables 4 

and 5). In ACP we obtained the eQTL genes CLDN2 at the CLDN2-MORC4 risk locus, CTRB1, CTRB2, 

ENSG00000240338 and ENSG00000280152 at the CTRB1-CTRB2 risk locus and PRSS2 and TRBV29-1 at the 

PRSS1-PRSS2 risk locus (Supplementary Table 5). The liftover from hg19 to hg38 of the ACP lead variant 

rs2855983 failed. Therefore, we manually integrated the rs2855983 GTEx annotations for significant PRSS2 and 
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TRBV29-1 eQTLs in the following colocalization analysis (Supplementary Table 5). Note, that all top SPINK1 

variants could not be mapped to any significant pancreas eQTLs (Supplementary Tables 4 and 5). 

 

Identification of candidate causal genes using Bayesian colocalization analysis 

To further prioritize the obtained eQTL genes, we conducted Bayesian colocalization analysis at the genome-wide 

significant risk locus CTRC in NACP and the CTRC, CLDN2-MORC4, CTRB1-CTRB2 and PRSS1-PRSS2 

genome-wide significant risk loci in ACP. Assuming similarities between ACP and NACP, we also analysed 

colocalization for the ACP inferred risk loci CLDN2-MORC4, CTRB1-CTRB2 and PRSS1-PRSS2 in the NACP 

cohort with the discovered eQTL genes from ACP. Furthermore, we plotted the -log10eQTL/-log10GWAS p-values 

for visual investigation (Figure 2 and Figure 3). 

We discovered evidence of colocalization between CLDN2-MORC4 risk variants and CLDN2 eQTLs in ACP and 

NACP (ACP: PP4 = 0.98, PP4/PP3 = 42.20; NACP: PP4 = 0.67, PP4/PP3 = 7.18; Table 1). Supporting this 

observation, the respective scatter plots of eQTL and GWAS signals formed single spikes towards the top right 

corner (Figure 2A and Figure 3A).  

For GWAS risk variants at the CTRB1-CTRB2 locus, we found no evidence of colocalization with CTRB1 or 

CTRB2 eQTLs in ACP (CTRB1 PP4 = 0.13, PP4/PP3 = 0.16; CTRB2 PP4 = 0.04, PP4/PP3 = 0.04; Table 1). The 

respective scatter plots indicated the presence of distinct top clusters of variants, biased either towards eQTL or 

GWAS association (Figure 2B-C, highlighted in red and green). In the corresponding NACP scatter plots, we 

observed single spikes towards the top right corner (Figure 3B-C), but Bayesian colocalization analysis revealed 

no evidence of colocalization with CTRB1 or CTRB2 eQTLs (CTRB1 PP4 = 0.49, PP4/PP3 = 1.93; CTRB2 PP4 = 

0.49, PP4/PP3 = 1.94; Table 1). The eQTL gene ENSG00000240338 at this locus showed no evidence of 

colocalization in ACP or NACP (ACP: PP4 = 0.70, PP4/PP3 = 2.31; NACP: PP4 = 0.04, PP4/PP3 = 0.09; Table 

1) and the respective scatter plots indicated distinct top clusters of variants, biased either towards eQTL or GWAS 

association (Figure 2E and Figure 3E, highlighted in red and green). Similarly, eQTLs for the gene 

ENSG00000280152 at the CTRB1-CTRB2 locus did not colocalize with GWAS association signals in ACP or 

NACP (ACP: PP4 = 0.07, PP4/PP3 = 0.07; NACP: PP4 = 0.33, PP4/PP3 = 0.99; Table 1) and the scatter plots 

showed distinct clusters of top variants for eQTL and GWAS association (Figure 2F and Figure 3F, highlighted 

in red and green).  

At the CTRC risk locus, we discovered colocalization of ACP and NACP risk variants with CTRC eQTLs (ACP: 
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PP4 = 0.99, PP4/PP3 = 95.51; NACP: PP4 = 0.99, PP4/PP3 = 95.46; Table 1). Both respective scatter plots 

contained top right data points (Figure 2D and 3D). 

Risk variants at the PRSS1-PRSS2 risk locus showed no evidence of colocalization in ACP or NACP with PRSS2 

eQTLs (ACP: PP4 = 0.64, PP4/PP3 = 2.57; NACP: PP4 = 0.36, PP4/PP3 = 0.91; Table 1). Both respective scatter 

plots were also not indicative of colocalization (Figure 2G and 3G). Furthermore, PRSS1-PRSS2 risk variants 

were also not colocalizing with TRBV29-1 eQTLs in ACP or NACP (ACP: PP4 = 0.00, PP4/PP3 = 0.00; NACP: 

PP4 = 0.58, PP4/PP3 = 1.59; Table 1). The TRBV29-1 scatter plots in ACP and NACP showed distinct top variants 

biased either towards eQTL or GWAS association (Figure 2H and Figure 3H, highlighted in red and green).  

 

Statistical fine-mapping of shared causal variants at the NACP and ACP risk loci 

Finally, we extracted the prioritized shared causal variants, defined as the 95% credible set based on coloc’s 

posterior probability for each variant to be causal for the shared signal (“SNP.PP.H4”) at all loci with evidence of 

colocalization, defined by PP4 > 0.5 and PP4 / PP3 ≥ 5. The CTRC lead variant rs497078 had the highest posterior 

probability to be the shared causal variant (SNP.PP.H4 = 0.92, Table 2) in NACP, followed by rs545634 

(SNP.PP.H4 = 0.08, Table 2), which were both associated with reduced CTRC expression (BetaeQTL = -0.31, PeQTL 

= 1.80 x 10-10, Table 2). In the ACP cohort the CTRC lead variant rs545634 and the NACP lead variant rs497078 

had similar posterior probabilities to be the shared causal variant (SNP.PP.H4 = 0.51 and 0.49 respectively, Table 

2). In ACP and NACP we discovered a single highly prioritized shared causal variant rs12688220, which was 

associated with increased CLDN2 expression in the pancreas (SNP.PP.H4 = 1.00, BetaeQTL = 0.54, PeQTL = 1.70 x 

10-21, Table 2).  
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Discussion 

In this study, we present genome-wide significant GWAS hits at the SPINK1 and CTRC loci in NACP. 

Furthermore, we report potential functional associations for both, NACP and ACP GWAS risk loci, from Bayesian 

colocalization analysis with the European pancreas eQTL public domain GTEx V8 dataset. Our analysis defines 

both, candidate causal genes, and shared causal variants. 

Our findings of genome-wide significant association of common SPINK1 and CTRC risk variants are in line with 

numerous former hypothesis driven approaches [4,27] and confirm previous results that effect sizes of SPINK1 

risk mutations were higher in NACP than ACP [4,28]. 

More than 90% of common variants show nominally significant eQTL associations across human tissues [29], 

implying a large number of false positive observations when comparing eQTL and GWAS data by simple overlaps. 

We applied Bayesian colocalization analysis [15] of both, NACP and ACP GWAS risk loci, and public domain 

pancreas eQTLs, to discover shared causal variants, candidate causal genes and disease causing mechanisms. 

At the CTRC locus, we found evidence for a shared causal variant reducing CTRC expression, supporting a 

mechanism explaining the pathogenic potential of CTRC mutations. Our finding fits well in the established concept 

of trypsin-centred pathophysiology, as rare loss of function mutations in the gene impair the trypsin-degrading 

activity of chymotrypsin C and thus increase intra-pancreatic trypsin activity [3]. We discovered the two candidate 

shared causal variants rs497078 and rs545634 in ACP and NACP. Our findings in ACP are supported by a very 

recent GWAS-catalogue screen [30]. As both variants are in high LD, further functional studies are necessary to 

unravel the precise causal variant. 

At the second NACP risk locus SPINK1, we found a number of risk variants in strong LD with the prominent 

p.N34S pancreatitis risk mutation [4]. We could not confirm previously suggested gene regulatory effects on 

SPINK1 [31], as the European GTEx V8 pancreas dataset did not contain significant SPINK1 eQTLs. Larger eQTL 

sample sizes in future GTEx releases or novel databases could help to elucidate causal mechanisms at this locus. 

The first CP GWAS identified genome-wide significant risk variants at the CLDN2-MORC4 locus, however, in 

subsequent functional analysis no significant correlation of the risk genotype with CLDN2 gene expression levels 

was found [11]. Recently, however, CLDN2-MORC4 risk variants were shown to be correlated with CLDN2 

expression levels in the pancreas [32]. Our colocalization analysis in ACP indicates the role of increased CLDN2 

expression in alcoholic chronic pancreatitis, probably driven by the shared causal variant rs12688220, again 

supported by a recent GWAS-catalogue screen [30]. Confirming this observation, we replicated the colocalization 
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and the shared causal variant rs12688220 in NACP. 

CLDN2 encodes a tight junction protein that controls the paracellular flow of molecules between epithelial cells. 

According to the Human Protein Atlas database single cell dataset, CLDN2 expression is enhanced in pancreatic 

ductal, acinar and endocrine cells (https://www.proteinatlas.org/ENSG00000165376-

CLDN2/single+cell+type/pancreas, Human Protein Atlas v21.0) [33,34]. Upregulation of CLDN2 is associated 

with intestinal inflammation [35,36] and CLDN2 deficiency in mice results in reduced cytokine production and T 

cell recruitment in experimental colitis [37]. Claudin-2 protein abundance has been proposed to be correlated with 

pancreatic tissue inflammation [11], supporting a role in inflammation also in the pancreas. Moreover, claudin-2 

deficiency is associated with hypercalciuria in mice and kidney stone disease in humans [32], suggesting that 

claudin-2 may contribute to pancreatic calcium homeostasis. The recently identified chronic pancreatitis risk gene 

TRPV6, which codes for a calcium channel, also affects Ca2+ transport [10]. Thus, the risk variant dependent 

increased CLDN2 expression may alter both, inflammatory processes and pancreatic calcium homeostasis. 

Experiments such as pancreas specific CLDN2 knockout in mice are necessary to test this hypothesis. 

At the PRSS1-PRSS2 risk locus, previously suggested gene regulatory effects on PRSS1 [11] could not be 

confirmed in this study, because the eQTL dataset did not contain significant PRSS1 eQTLs. The high homology 

between trypsinogens could explain the absence of eQTLs, as read mapping in next generation sequencing could 

be corrupted. Instead, we obtained significant eQTLs for the homologous PRSS2 overlapping with PRSS1-PRSS2 

ACP risk variants. However, we found no evidence for colocalization in ACP or NACP. Genotyping for GWAS 

and eQTL studies is typically performed with genomic DNA extracted from peripheral blood containing a 

considerable amount of T cells. This could lead to sequencing errors at the PRSS1-PRSS2 locus, because it is 

located within the genomic VDJ-Region, encoding a set of T cell receptor genes undergoing genomic 

rearrangements (VDJ-recombination) and nucleotide additions in T cells. Thus, the genomic composition in this 

locus may differ considerably in blood and thereby corrupt the genotyping results in the entire genomic region 

including PRSS1 and PRSS2.  

Recently, we found ACP risk variants at the CTRB1-CTRB2 locus in LD with a 16.6 kb inversion. The inversion 

exchanges the promoter regions of CTRB1 and CTRB2, which modifies the expression ratio and of CTRB1 and 

CTRB2, possibly leading to reduced anionic trypsinogen degradation [13]. Interestingly, CTRB1 and CTRB2 

eQTLs did not colocalize with CTRB1-CTRB2 risk variants. However, similar to the PRSS1-PRSS2 locus, the 

CTRB1-CTRB2 locus can be considered as a complex region [38], because of high homology of CTRB1 and 
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CTRB2 and local structural variations [13,39], potentially leading to sequencing errors and corrupted 

colocalization analysis. 

In summary, we found evidence for shared causal variants, which may modify CP-risk by altering pancreatic gene 

expression of CTRC at the CTRC locus and CLDN2 at the CLDN2-MORC4 locus. Although Bayesian 

colocalization can guide prioritization of causal genes and unravelling of molecular mechanisms at risk loci [15], 

further experimental approaches with our identified shared causal variants and genes are mandatory to confirm 

true causalities. 
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Figure 1 Manhattan plot of the NACP-GWAS dataset. The red line indicates genome-wide significance after 

Bonferroni correction (5 x 10-8). 

 

Figure 2 Visualization of colocalization in ACP. Scatter plots for the indicated eQTL genes at the CP risk loci 

CLDN2-MORC4 (A), CTRB1-CTRB2 (B,C,E,F), CTRC (D) and PRSS1-PRSS2 (G,H). Selected (clusters of) top 

variants biased towards eQTL or GWAS signal strength were manually highlighted in red and green, 

respectively. 

 

Figure 3 Visualization of colocalization in NACP. Scatter plots for the indicated eQTL genes at the CP risk loci 

CLDN2-MORC4 (A), CTRB1-CTRB2 (B,C,E,F), CTRC (D) and PRSS1-PRSS2 (G,H). Selected (clusters of) top 

variants biased towards eQTL or GWAS signal strength were manually highlighted in red and green, 

respectively. 

 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Colocalization of GWAS risk loci with pancreas eQTLs 

Disease Locus Gene PP3 PP4 PP4/PP3 

ACP 

CLDN2-MORC4 CLDN2 0.02 0.98 42.20 

CTRB1-CTRB2 CTRB1 0.86 0.13 0.16 

CTRB1-CTRB2 CTRB2 0.96 0.04 0.04 

CTRC CTRC 0.01 0.99 95.51 

CTRB1-CTRB2 ENSG00000240338 0.30 0.70 2.31 

CTRB1-CTRB2 ENSG00000280152 0.93 0.07 0.07 

PRSS1-PRSS2 PRSS2 0.25 0.64 2.57 

PRSS1-PRSS2 TRBV29-1 1.00 0.00 0.00 

NACP 

CLDN2-MORC4 CLDN2 0.09 0.67 7.18 

CTRB1-CTRB2 CTRB1 0.25 0.49 1.93 

CTRB1-CTRB2 CTRB2 0.25 0.49 1.94 

CTRC CTRC 0.01 0.99 95.46 

CTRB1-CTRB2 ENSG00000240338  0.48 0.04 0.09 

CTRB1-CTRB2 ENSG00000280152  0.34 0.33 0.99 

PRSS1-PRSS2 PRSS2 0.39 0.36 0.91 

PRSS1-PRSS2 TRBV29-1 0.37 0.58 1.59 

Evidence of colocalization was defined by PP4 > 0.5 and PP4/PP3 ≥ 5. PP3, posterior probability for 

association with CP risk and eQTLs, but independent causal variants; PP4, posterior probability for 

association with CP risk and eQTLs with a single shared causal variant. 

Table 1 Click here to access/download;Table;Table_1.docx
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Table 2 Candidate shared causal variants at GWAS risk loci 

Disease Locus Candidate 

causal 

gene 

Candidate causal 

variant 

Counted 

allele 

PGWAS BetaGWAS PeQTL BetaeQTL SNP.PP.H4 

ACP 

 

CTRC CTRC rs545634 A 2.16 x 10-22 0.61 1.80 x 10-10 -0.31 0.51 

CTRC CTRC rs497078 T 2.47 x 10-22 0.60 1.80 x 10-10 -0.31 0.49 

CLDN2-

MORC4 
CLDN2 rs12688220 T 9.54 x 10-33 0.45 1.70 x 10-21 0.54 1.00 

NACP 

CTRC CTRC rs497078 T 1.22 x 10-21 0.83 1.80 x 10-10 -0.31 0.92 

CTRC CTRC rs545634 A 1.97 x 10-20 0.81 1.80 x 10-10 -0.31 0.08 

CLDN2-

MORC4 
CLDN2 rs12688220 T 1.08 x 10-4 0.23 1.70 x 10-21 0.54 1.00 

The 95% credible sets of shared causal variants between both, the NACP and the ACP GWAS risk loci, and pancreas eQTLs from GTEx were extracted from 

coloc result objects for all loci with evidence of colocalization, defined by PP4 > 0.5 and PP4/PP3 ≥ 5. SNP.PP.H4, posterior probability of the variant to be 

causal for the shared signal. 

 

 

Table 2 Click here to access/download;Table;Table_2.docx
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