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Summary
Genome-wide association studies (GWASs) have discovered 20 risk loci in the human genomewhere germline variants associate with risk

of pancreatic ductal adenocarcinoma (PDAC) in populations of European ancestry. Here, we fine-mapped one such locus on chr16q23.1

(rs72802365, p¼ 2.513 10�17, OR¼ 1.36, 95% CI¼ 1.31–1.40) and identified colocalization (PP¼ 0.87) with aberrant exon 5–7 CTRB2

splicing in pancreatic tissues (pGTEx ¼ 1.40 3 10�69, bGTEx ¼ 1.99; pLTG ¼ 1.02 3 10�30, bLTG ¼ 1.99). Imputation of a 584 bp structural

variant overlapping exon 6 of CTRB2 into the GWAS datasets resulted in a highly significant association with pancreatic cancer risk (p¼
2.83 3 10�16, OR ¼ 1.36, 95% CI ¼ 1.31–1.42), indicating that it may underlie this signal. Exon skipping attributable to the deletion

(risk) allele introduces a premature stop codon in exon 7 of CTRB2, yielding a truncated chymotrypsinogen B2 protein that lacks chymo-

trypsin activity, is poorly secreted, and accumulates intracellularly in the endoplasmic reticulum (ER). We propose that intracellular

accumulation of a nonfunctional chymotrypsinogen B2 protein leads to ER stress and pancreatic inflammation, which may explain

the increased pancreatic cancer risk in carriers of CTRB2 exon 6 deletion alleles.
Introduction

Pancreatic cancer is currently the third leading cause of

cancer-related deaths in the United States and fourth in Eu-

rope.1,2 Unlike many other cancers, it is increasing in inci-

dence andmortality and is predicted to become the second

leading cause of cancer-related deaths in the US by 2030.3

Both genetic and environmental factors contribute to

pancreatic cancer risk.4 Genetic risk factors include rare

variants with moderate to large effects often seen as part

of familial cancer syndromes and common variants with

smaller magnitudes of association identified through

genome-wide association studies (GWASs).5 To date, 20

pancreatic-cancer-risk loci, containing 23 independent sig-

nals, have been identified through GWASs performed in

individuals of European descent.6–11 Most of these loci

are believed to influence disease risk through noncoding

variants that lie within enhancers or promoters and affect

gene expression in cis or trans.12
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The A
One of the 20 currently known pancreatic-cancer-risk

loci from GWASs is located at chr16q23.1, near genes

that encode chymotrypsinogen precursors (CTRB1 and

CTRB2) and a signal transduction scaffold protein

(BCAR1).6,7 We used fine-mapping, splicing quantitative

trait locus (sQTL) analysis, and functional approaches to

explore the molecular changes that might underlie this

risk signal.
Material and methods

Fine-mapping
Pancreatic cancer case (9,013) and control (12,452) subjects were

drawn from four GWASs conducted in individuals of European

ancestry by the Pancreatic Cancer Cohort Consortium (PanScan

I–III)7–9 and the Pancreatic Cancer Case Control Consortium

(PanC4).11 The PanC4 GWAS genotype dataset was obtained

from the Database of Genotype and Phenotype (dbGaP) via

controlled access (dbGaP: phs000648.v1.p1). Genotype quality
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control, imputation (with the 1000G Phase 3 EUR dataset as a

reference panel and IMPUTE213), and association analysis were

performed assuming an additive genetic model adjusting for age,

sex, geographic region, and eigenvectors via SNPTEST14 as previ-

ously described.6,7 We also applied a recessive model for the 15

potentially functional variants and the CTRB2 deletion variant

by using SNPTEST.14 Meta-analyses for PanScan and PanC4 were

performed with METAL.15

All studies obtained informed consent from participants and

institutional review board (IRB) approvals including IRB certifica-

tions permitting data sharing in accordance with the NIH Policy

for Sharing of Data Obtained in NIH Supported or Conducted

Genome-Wide Association Studies (GWASs). The PanScan study

was also approved by the NCI Special Studies Institutional Review

Board.

We used two approaches to determine the most likely set of po-

tential functional variants at this risk locus. We first calculated the

likelihood ratio of all GWAS-significant variants relative to the

most significant SNP by dividing the maximized likelihood for

the tested SNP to the maximized likelihood for rs7280236516

and used a threshold of likelihood ratio (LR) R 1:1,000 to select

SNPs (n ¼ 15) to take forward for functional analysis. We also

used the SuSiE (sum of single effects) method that uses an iterative

Bayesian stepwise selection (IBSS) procedure to identify credible

sets of variants within which there is a high probability of

capturing at least one functional variant.17 This yielded nine

SNPs in one credible set at this locus (all of which had LR R

1:1,000). To be comprehensive, we included all 15 SNPs in func-

tional analysis.

Splicing quantitative trait loci (sQTLs) analysis
DNA isolation protocols and sample quality-control metrics for

the Genotype-Tissue Expression (GTEx, version 7) project have

been described elsewhere.18 Genotypes derived from whole-

genome sequencing for the 635 individuals included in GTEx

were obtained via controlled access from dbGaP (dbGaP:

phs000424.v7.p2) and the junction read counts from RNA

sequencing (RNA-seq) were downloaded from the GTEx portal.

Samples with <80% European ancestry were excluded on the ba-

sis of analysis using the genotyping library and utilities (GLU)

struct.admix module,7 resulting in a total of 174 individuals

with both genetic data and gene expression data for pancreatic

tissue samples available for analyses. DNA isolation protocols,

sample quality-control metrics, imputation of genotype, and

RNA-seq for the NCI Laboratory of Translational Genomics

(LTG) pancreatic tissue dataset (n ¼ 95 samples with European

ancestry) have been previously described.19 Five samples with

low expression of CTRB2 (<0.1 transcripts per million [TPM])

were excluded for this analysis. Genotype and RNA-seq data

for the NCI LTG expression quantitative trait locus (eQTL)

dataset are available from dbGAP (dbGaP: phs001776.v1.p1).

Variable splicing events from RNA-seq data were identified by

Leafcutter via a Dirichlet-multinomial generalized linear

model,20 and sQTL mapping was performed by FastQTL with

linear regression.21 Covariates used in the analysis of GTEx

data were downloaded from the GTEx portal and included three

PCs for genotype data, 30 probabilistic estimation of expression

residuals (PEER) factors for RNA-seq data, sex, and platform (Hi-

Seq2000 versus HiSeq2500). Covariates used for the LTG dataset

included the top five PCs for genotype data, 15 PEER factors for

RNA-seq data,22 as well as sex. Visualization of sQTLs was con-

ducted by IGV.23
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eQTL analysis
RNA samples were isolated from 95 histologically normal fresh

frozen tissue samples from healthy (not with a diagnosis of cancer)

donors or from normal tissue adjacent to pancreatic tumors as

previously described.19 RNA-seq was performed with Illumina Hi-

Seq2000, and DNA genotyping was performed with Illumina Om-

niExpress or Omni1M arrays.19 Read alignment, quantification,

and eQTL analysis was performed as previously described.19

GTEx eQTLs were assessed via the ‘‘test your own eQTL calcu-

lator’’ in the GTEx v.7 browser.18 GTEx eQTL datasets were down-

loaded from the GTEx portal for further analysis.

Imputing the CTRB2 deletion and CTRB1/CTRB2

inversion variants
We purchased DNA samples from the 1000 Genomes (1000G) Eu-

ropean populations (TSI, FIN, GBR, and IBS populations and

HapMap CEU, n ¼ 438) from the Coriell Institute for Medical

Research (Coriell) and used them to genotype the CTRB2 exon 6

deletion and CTRB1/CTRB2 inversion variants (Tables S1 and

S2). We used two sets of primers (Table S3) to genotype the dele-

tion (as described by Rosendahl et al.24) and designed two sets of

primers to genotype the inversion variant (Table S3). The minor

allele frequencies of the deletion were very similar to those of

the most significant GWAS SNP and ranged from approximately

6% in the TSI samples to �13% in the IBS samples (Table S2).

The deletion and inversion genotypes were then included with

the 1000G genotypes for chr16q23.1 (1000G, Phase3, version

80) and used as a reference panel for imputation of PanScan I–III

and PanC4 GWAS data across this locus (Hg19: chr16:

72,738,615–77,739,199 bp). Genotype and sample quality thresh-

olds were applied for minor allele frequency (MAF > 0.01) and

sample completion (>90%). Post-imputation variants with impu-

tation quality score (R2)< 0.5 or duplicated variants were removed

by PLINK. Association models were as described above for fine-

mapping with SNPTEST.14

We validated the imputation accuracy for the CTRB2 deletion

variant (73%–97% accuracy) and CTRB1/CTRB2 inversion variant

(88%–100% accuracy) genotypes by PCR genotyping 96 DNA sam-

ples from PanScan (Table S4). We also directly genotyped DNA

samples from 493 PDAC-affected individuals and 502 control indi-

viduals from PanScan for the CTRB2 exon 6 deletion and

rs72802365 to assess imputation accuracy (95% and 98%, respec-

tively). Performing the association analysis in this sample set

yielded very similar results as the imputation (pGenotyped ¼ 3.93 3

10�3 versus pImputed ¼ 3.89 3 10�3 for the deletion; pGenotyped ¼
1.17 3 10�3 versus pImputed ¼ 1.29 3 10�3 for rs72802365). MAFs

were also similar between the 995 imputed and directly genotyped

samples (MAFGenotyped¼ 9.05% versus MAFImputed ¼ 8.29% for the

deletion; MAFGenotyped ¼ 8.80% versus MAFImputed ¼ 9.20% for

rs72802365). Finally, when directly genotyped samples were

included in the full analysis of all GWAS phases, the p values

were nearly the same as before (p ¼ 2.83 3 10�16 before versus

5.41 3 10�16 after correcting for genotyped samples for the dele-

tion; p ¼ 2.51 3 10�17 before versus 2.11 3 10�17 after correcting

for genotyped samples for the deletion for rs72802365). We there-

fore conclude that the imputation for the CTRB2 deletion variant

and rs72802365 is highly accurate.

We performed Sanger sequencing on DNA samples from (1) a

1000G EUR individual homozygous for the CTRB2 exon 6 dele-

tion, in order to assess the boundaries of the CTRB2 exon 6 dele-

tion (Figure S6A), and (2) eight subjects from the LTG eQTL dataset

to show that CTRB2 exon 6 is not present in samples where
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splicing between exons 5–6 and 6–7 is not seen and only exon 5–7

splicing is seen (Figure S6B). We amplified the CTRB2 exon 5–7 re-

gion from genomic DNA from these eight human subjects via

primers previously published in Rosendahl et al. (Table S3) and

described above to detect the CTRB2 exon 6 deletion. PCR prod-

ucts were run on a 2% agarose gel. Bands were excised and DNA

was isolated with a QIAGEN DNA extraction kit. Purified DNA

was sequenced with Big Dye Terminator (Thermo Fisher Scientific)

on a 35003l genomic analyzer (Thermo Fisher Scientific). Se-

quences were aligned to the reference CTRB2 genomic sequence.

We formally calculated the likelihood for the CTRB2 exon 6

deletion variant and the most significant SNP from the fine-map-

ping, rs72802365, as functional variants underlying the risk signal

at 16q23.1. Consider two genetic variants: a deletion and a SNP

(rs72802365) with linkage disequilibrium (LD) estimated to be

r ¼ 0.95 in our data on the basis of Pearson correlation of imputed

genotype dosages from the PanScan I–III and PanC4 GWAS data.

The deletion is imputed with imputation quality R2
1 ¼ 0:85; the

SNP is imputed with imputation quality R2
2 ¼ 0:99: The score sta-

tistics for the two variants are z ¼ ð8:10;8:49Þ, which corresponds

to the two p values 5:41310�16 and 2:11310�17. Consider model

1 that the deletion is causal. Let x denote the noncentrality param-

eter (NCP) of the score statistic for the deletion if deletion is gen-

otyped without error. Then, the NCP for the imputed deletion is

R1x and the NCP for the imputed SNP is R2rx. The likelihood of ob-

taining z ¼ ð8:10;8:49Þ is given by

L1ðz; xÞ¼MVN

 
z;

 
R1x

R2rx

!
;

 
1 r

r 1

!!
;

which leads to an estimate bx ¼ 8:93. Here, MVN stands for multi-

variable normal distribution.

Consider model 2 that the SNP is causal. Let h denote the NCP of

the score statistic for the SNP if it is genotyped without error. Then,

the NCP for the imputed deletion is R1rh and the NCP for the

imputed SNP is R2h. The likelihood of obtaining z ¼ ð8:10;8:49Þ
is given by

L2ðz;hÞ¼MVN

 
z;

 
R1rh
R2h

!
;

 
1 r

r 1

!!
;

which leads to an estimate bh ¼ 8:10. The likelihood ratio of the

two models is calculated as

L1

�
z; bx�

L2ðz; bhÞ ¼5:75:

Thus, we conclude that the deletion variant is more likely to be

causal as compared to rs72802365.
Colocalization
Colocalization analysis for the GWAS and eQTL or sQTL signals

was performed with the coloc package (coloc.abf) in the R Project

for statistical computing.25 Posterior probabilities (PPs) for shared

(PP4) or different (PP3) functional variants underlying the GWAS

and eQTL or GWAS and sQTL signals are presented.
Expression and pathway enrichment analyses
Differential expression analysis was conducted with RNA-seq data

from normal human pancreatic tissue samples generated by the

GTEx project (n¼ 174) via the EdgeR package in R.26 The genotype

for the CTRB2 exon 6 deletion variant was determined via exon
The A
6–7, exon 5–6, and exon 5–7 junction read counts. We used

only samples that were homozygous noncarriers for the CTRB1/

CTRB2 exon 1 inversion allele (i.e., homozygous for the ancestral

allele) for the analysis (inferred by selecting only samples with CC

at rs1808427, a proxy SNP for the inversion based on PCR geno-

typing 438 1000G EUR samples as described above, r2 ¼ 0.59) to

minimize any possible confounding effect that the inversion allele

(the derived allele and the human reference genome, Hg19, allele)

may have on gene expression (as the deletion only occurs on the

ancestral non-inverted allele). Only genes with reads in at least

80% of the samples were used. We then scaled counts for

sequencing depth and RNA composition to yield normalized

counts (CPM). These pseudo-counts were analyzed for differential

expressionwith respect to number of copies of the deletion variant

as a continuous variable (0, 1, 2 copies) via the glmQLFit (quasi-

likelihood negative binomial generalized linear model) method

in EdgeR.27 Differential expression (log2(b) and p values—where

b is per copy of the deletion) was then calculated with an exact

statistic.

Pathway analysis was performed through the use of both inge-

nuity pathway analysis (IPA, QIAGEN28) and gene set enrichment

analysis (GSEA) software and Molecular Signature Database

(MSigDB).29 Genes differentially expressed at p value < 0.05 (n

¼ 1,401) were analyzed by IPA on the basis of p value (those

with positive and negative fold change were analyzed separately).

All genes were analyzed via GSEAPreranked with a ranked list

based on signed p value of differential expression for enrichment

in gene sets: Biocarta, Reactome, KEGG, biological process (BP,

from Gene Ontology), and molecular function (MF, from Gene

Ontology).
Cell lines
Human pancreatic cancer cell lines MIA PaCa-2 and PANC-1 and

human embryonic kidney cells 293T (HEK293T) were purchased

from ATCC and maintained in Dulbecco’s modified Eagle’s me-

dium (DMEM) supplemented with 10% fetal bovine serum (FBS)

(PANC-1 and HEK293T) or 10% FBS and 2.5% horse serum (MIA

PaCa-2). AR42J rat acinar cells were purchased from ATCC and

maintained in F-12K medium supplemented with 20% FBS and

antibiotics. The human pancreatic cell line HPDE-E6E7 (H6c7)30

is a normal pancreatic-duct-derived immortalized cell line that

was kindly provided by Dr. Ming Tsao at the Princess Margaret

Cancer Center at the Ontario Cancer Institute, Toronto, Ontario,

Canada. HPDE cells were maintained in Keratinocyte-SFM media

with 5 ng/mL human recombinant epidermal growth factor

(EGF) and 50 mg/mL bovine pituitary extract. All cell lines were

tested routinely for mycoplasma and were always found to be

negative. Cell lines were tested for authentication with a panel

of short tandem repeats (STRs) via the Identifiler kit (Life Technol-

ogies) and compared with ATCC andDSMZ (German Collection of

Microorganisms and Cell Cultures) STR profile datasets. All cell

lines with profiles in the databases matched.
Chymotrypsin secretion
The full-length CTRB2 open reading frame (ORF) with a Myc-

FLAG (Myc-DDK) tag was purchased from Origene (cat. #

RC209957). The CTRB2 exon 6 deletion ORF was synthesized at

ATUM.bio, and entry clones were generated via Reverse BP Clo-

nase reactions into pDonr-255. The full-length and exon 6 dele-

tion clones for CTRB2 with a Myc-FLAG tag at the 30 end were

cloned into pDest-371 via the Gateway system followed by
merican Journal of Human Genetics 108, 1–14, October 7, 2021 3
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sequence verification. The expression clones with C-terminal

eGFP and SNAP tags were cloned into pDest-377. CTRB2 expres-

sion plasmids were transiently transfected into HEK293T cells

via Lipofectamine 2000 (Thermo Fisher Scientific) at approxi-

mately 50% confluency. Cell lysates and conditioned media

were harvested 48 h after transfection. Conditioned media was

concentrated with a SpeedVac to approximately half of the orig-

inal volume (3 h at room temperature). Cell lysates were harvested

with a NP40 deoxycholate (DOC) lysis buffer (1 mL). Immunopre-

cipitation was carried out with a mouse anti-FLAG antibody (2 mg,

Sigma Aldrich F1804) and Dynabeads Protein G (Thermo Fisher

Scientific 10004D) on concentrated conditioned media and

10 mL or 100 mL of lysate. Immunoprecipitated samples from lysate

and media were run on the same blot and stained with a mouse

anti-FLAG antibody (Sigma Aldrich F1804) and goat anti-mouse

IgG, Fcg (heavy chain) fragment specific, horseradish peroxidase

(HRP) conjugate (Jackson ImmunoResearch Laboratories 115-

035-164). Blots were imaged via a ChemiDoc Touch Imaging Sys-

tem (Bio-Rad) and bands quantified with the ImageLab 5.2.1 soft-

ware (Bio-Rad).

Untagged full-length and truncated CTRB2 cDNA constructs

were cloned, sequence verified, transfected, and harvested as

described above for tagged constructs. Concentrated conditioned

media and cell lysate of equal volumes were run on the same

blot and stained with a mouse anti-CTRB1/2 antibody (Santa

Cruz Biotechnology sc-393414) and rabbit anti-g-tubulin (Sigma

T5192) primary antibodies and goat anti-mouse IgG Fcg specific

and goat anti-rabbit (Abcam, ab205722) HRP conjugate anti-

bodies, respectively. Blots were imaged and quantitated as

described above.
Chymotrypsin activity assays
Transfection of CTRB2 expression plasmids (FLAG-tagged and un-

tagged) was performed as described above for IP-Western analysis

of CTRB2 secretion. HEK293T and AR42J (un-transfected) cell ly-

sates were harvested 48 h after transfection and analyzed with a

fluorometric Chymotrypsin Assay Kit (Abcam, ab234051) accord-

ing to the manufacturer’s protocol. Briefly, cells were harvested in

assay buffer and homogenized on ice with a 19 g needle (103).

Proteins in the total cell lysate were cleaved (activated) by a

chymotrypsin activator (i.e., trypsin) and chymotrypsin activity

assessed with a synthetic fluorogenic substrate measured by fluo-

rescence (Ex/Em 380/460) every 30 s for 2.5 h in a white-bottom

plate via a Tecan Infinite M200. We also ran control wells contain-

ing cell lysates without chymotrypsin activator (trypsin) to assess

background non-specific activity. Samples were analyzed in tripli-

cate (quadruplicate for untagged CTRB2 transfections) with 20 mL

lysate. Activity was quantified across three time points within

linear regions of the fluorescence curve and activity determined

with a coumarin standard curve. Lysates were also assayed for

CTRB2 protein abundance as described above with a donkey

anti-mouse IgG, HRP conjugate (Abcam, ab7061) secondary anti-

body or donkey anti-mouse IgG Fcg specific HRP conjugate anti-

body. Chymotrypsin activity was normalized by protein content

as measured by the Pierce BCA Protein Assay Kit (Thermo Fisher

Scientific 23227).
Assessment of endoplasmic reticulum stress
Transient transfection of CTRB2 expression plasmids was per-

formed as described above in HEK293T, MIA PaCa-2, and PANC-1

cells. We harvested RNA 48 h after transfection by using the
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QIAGEN RNeasy Plus Mini Kit with on-column DNase digestion

via the RNase Free DNase Set (QIAGEN). cDNA was synthesized

with SuperScript III First-Strand Synthesis System for RT-PCR (Life

Technologies). Gene expression levels were quantified by quantita-

tive real-time PCR with TaqMan assays for GAPDH (cat. #

4352934E), DDIT3 (Hs00358796_g1), HsPA5 (Hs00607129_gH),

CALR (Hs00189032_m1), EIF2AK3 (Hs00984003_m1), CTRB2 (Hs

00157181_m1), and PPIA (Hs99999904_m1) from Life Technolo-

gies. Expression of spliced XBP1 (forward primer, 50-GCTGAGTCC

GCAGCAGGT-30; reverse primer, 50-CCAACAGGATATCAGACTCT

GAATCT-30; probe, CAGAACATCTCCCCATGGA) and unspliced

XBP1 (forward primer, 50-GCTGAGTCCGCAGCACTCA-30; reverse
primer, 50-CCAACAGGATATCAGACTCTGAATCT-30 probe, CAGA

ACATCTCCCCATGGA) was assayed with custom Taqman assays

as described with fluorescein (FAM) probes. Gene expression levels

were normalized to PPIA, while expression of PPIAwas normalized

toGAPDH and fold change relative to full-lengthCTRB2was calcu-

lated via the delta-delta Ct (DDCt) method. Each experiment was

performed in triplicate and repeated four times. Significancewas as-

sessed with a Student’s two-tailed t-statistic.

Endoplasmic reticulum (ER) stress markers were assessed at the

protein level by immunoblot analysis. PANC-1 and HEK293T cells

were plated 24 h prior to transfection. Cells were transfected with

equivalent amounts of CTRB2 expression plasmids (untagged

CTRB2 constructs) with Lipofectamine 2000 (Thermo Fisher Sci-

entific). After 72 h, transfected cells were harvested for cell lysate

as described above. Fiftymicrograms of lysate was run on two blots

and probed for CTRB2 (Santa Cruz Biotechnology, sc-393414),

CALR (Santa Cruz Biotechnology, sc-373863), PERK (Santa Cruz

Biotechnology, sc-377400), BiP/Grp78 (Abcam, ab21685), XBP1

(Cell Signaling Technology, 40435S), and GAPDH (Abcam,

ab125247). Donkey anti-mouse IgG, HRP conjugate (Abcam,

ab7061) and donkey anti-rabbit IgG, HRP conjugate (Abcam,

ab205722) secondary antibodies were used. Blots were quantitated

via BioRad Image Lab software and normalized to GAPDH loading

control prior to fold change calculations. Significance was assessed

via a Student’s two-tailed t-statistic.

Immunofluorescence and time-lapse microscopy
HPDE and PANC-1 cells were transfected (X-tremeGENE 9 from

Roche) with expression plasmids containing either full-length

CTRB2 or exon-6-deleted CTRB2 ORFs with C-terminal GFP tags.

After 48 h, cells were fixed and processed for immunostaining

and indirect immunofluorescence as previously described.31

Briefly, cells were fixed in 4% paraformaldehyde in PBS (pH 7.4),

washed, permeabilized in 0.1% Triton X-100, and blocked in 3%

bovine serum albumin (BSA) with 0.1% Triton X-100 for 1 h at

room temperature. Primary antibodies (rabbit anti-GRP78/BiP, Ab-

cam ab21685, 5 mg/mL; rabbit anti-calnexin, Sigma #C4731,

1:200; mouse anti-GM130, BD Biosciences #610823, 1:1,000;

and sheep anti-TGN46, AbD Serotec #AHP500, 1:200) were incu-

bated in the blocking buffer overnight at 4�C, rinsed, and incu-

bated with fluorophore conjugated secondary antibodies (donkey

anti-rabbit [Alexa568 #A10042], donkey anti-mouse [Alexa647

#A31571], and donkey anti-sheep [Alexa568 #A21099]; all from

Life Technologies) for 1 h at room temperature.

Imaging was performed with aMarianas (Intelligent Imaging In-

novations) inverted microscope and a Coolsnap HQ2 camera

(Photometrics) for epifluorescence imaging with a 633 1.4NA

objective or a sCMOS camera (Hamamatsu) for spinning disk

confocal (SDC) imaging with a 633 1.4NA oil objective. Nearest-

neighbor deconvolution was applied with SlideBook software
21
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when indicated. To quantify the percentage of HPDE cells with

elevated BiP antibody staining, we imaged ten randomfields for

CTRB2-full-length-GFP-expressing cells and truncated CTRB2

(exon 6 deleted)-GFP-expressing cells on a similar plane by

SDC. Counts were taken for the number of cells showing BiP

(Alexa568)-GFP colocalizations and of the elevated BiP staining

intensities for each field via SlideBook. Percentages of cells with

elevated BiP antibody staining were calculated against the total

GFP cells in triplicate.

For ER trafficking studies, HPDE cells expressing GFP-tagged

full-length CTRB2 or exon-6-deleted CTRB2 were incubated

with ER-Tracker Red (BODIPY TR Glibenclamide, Thermo

Fisher Scientific #E34250, working conc. 250 nM) for 15 min

following manufacturer’s instructions and washed five times

in PBS, and live cells in complete media were used for SDC

time-lapse microscopy as previously described32 at 37�C.
Results

Fine-mapping a pancreatic-cancer-risk locus on

chr16q23.1

To identify candidate functional variants at a pancre-

atic-cancer-risk locus on chromosome 16q23.1 initially

described in 2014,7 we performed fine-mapping by us-

ing GWAS data from our recent meta-analysis of 9,013

affected individuals and 12,452 control individuals of

European ancestry.6 The most significant genotyped

variant at 16q23.1 was rs13337397 (OR ¼ 1.28, 95%

confidence interval [CI] 1.23–1.32, p ¼ 2.01 3 10�13,

MAF ¼ 0.103 in the 1000G European EUR samples).

Imputation (with the 1000G EUR reference panel) iden-

tified variants with lower p values, and rs72802365 was

most significant (OR ¼ 1.36, 95% CI 1.31–1.40, p ¼
2.51 3 10�17, MAF ¼ 0.083; r2 ¼ 0.77, D0 ¼ 0.99 in

the 1000G EUR samples). After conditioning the anal-

ysis on rs72802365, the signal for rs13337397 was no

longer significant (p ¼ 0.73). The same held true for

rs7190458 (p ¼ 0.22), the tag SNP initially described at

this locus in a subset of the GWAS samples.7 However,

when conditioning the analysis on rs13337397, the

signal for rs72802365 remained significant (p ¼ 8.0 3

10�4), suggesting that the latter is an improved tag

SNP for the same signal (Table 1, Figure S1). This variant

lies in an approximately 12 kb genomic region between

the transcriptional start sites of two chymotrypsinogen

precursor genes, namely CTRB1 and CTRB2, both of

which encode digestive enzyme serine proteases. On

the basis of LRs16 compared to the most significant

variant (rs72802365), 15 highly correlated variants

were considered candidate functional variants (LR >

1:1,000) potentially underlying the association signal

at this locus (Figure 1, Table S5). These variants, all high-

ly correlated to rs72802365 (r2 > 0.78 in 1000G EUR

samples), are distributed over a 52 kb region on

chr16q23.1 from 75,234,273 to 75,286,484 bp (Hg19).

A Bayesian fine-mapping approach (SuSiE17) yielded

one credible set at this locus with nine variants (all

with LR R 1:3) (Table S5). To be comprehensive, we
rican Journal of Human Genetics 108, 1–14, October 7, 2021 5



Figure 1. A Genomic map of the
chr16q23.1 pancreatic risk locus
(A) Association results from a meta-anal-
ysis6 of PanScan I, II, and III7–10 and
PanC411 with variants colored indicating
linkage disequilibrium (LD) to tag SNP
rs72802365 (red, r2 R 0.8; yellow, 0.8 >
r2 R 0.6; green, 0.6 > r2 R 0.4; light blue,
0.4 > r2 R 0.2; dark blue, r2 < 0.2 in
1000G EUR).
(B) NCBI RefSeq genes within the
chr16q23.1 risk locus as visualized with
the UCSC genome browser.
(C) The fifteen candidate functional vari-
ants at the 16q23.1 risk locus (LR > 1:100
in black, LR > 1:1,000 in green, tag SNP
rs7280265 in purple) distributed over a 52
kb region ranging from chr16: 75,234,273
to 75,286,484 (NCBI GRCh37/Hg19). Re-
sults after conditioning the association
analysis on rs13337397, rs72802365, and
the 584 bp CTRB2 deletion variant are
shown in Figure S1.
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moved the 15 SNPs with LR > 1:1,000 forward to func-

tional analysis.

Colocalization of the 16q23.1 pancreatic-cancer-risk

locus with aberrant CTRB2 splicing

This association signal lies within a large topologically

associating domain (TAD) (as visualized for pancreas tissue

in the 3D Interaction Viewer and Database33) on 16q23.1

that spans 1.4 Mb and includes 25 genes (Figure S2).

Because the 15 candidate functional variants are all non-

coding, our initial hypothesis was that one or more of

these variants influenced the strength of a noncoding

gene regulatory element(s) and expression of one or

more of the genes within the TAD in an allele-specific

manner. To identify the gene(s) underlying this signal,

we performed expression quantitative trait locus (eQTL)

analysis for rs72802365 and expression of the 25 genes

within the TAD by using RNA-seq and genotype data

generated in histologically normal pancreatic tissue sam-

ples from two independent datasets (GTEx v.7, n ¼ 212;

LTG, n ¼ 95).18,19 Nominally significant eQTLs were noted

for CHST6 (pGTEx ¼ 0.013, pLTG ¼ 0.114) and TMEM170A

(pGTEx ¼ 0.78, pLTG ¼ 0.044). Additional eQTLs were

observed in other normal derived tissues (GTEx) for

BCAR1 (lowest p¼ 3.93 10�5 in whole blood), TMEM170A

(lowest p ¼ 9.9 3 10�9 in sun-exposed skin), and CFDP1
6 The American Journal of Human Genetics 108, 1–14, October 7, 2021
(lowest p ¼ 2.0 3 10�7 in visceral adi-

pose tissue). However, colocalization

analysis25,34,35 indicated that these

eQTL signals are not likely to share

the same causal variant as the GWAS

signal (posterior probability that the

signals reflect different causal vari-

ants, PP ¼ 0.69–1.00) (Table S6).

We next conducted mRNA splicing

QTL analysis (sQTL) with the GTEx18
and LTG19 pancreatic datasets. In GTEx, the risk-increasing

allele at rs72802365 (C) was strongly associated with

decreased CTRB2 exon 5–6 (p ¼ 5.30 3 10�62, b ¼ �2.30)

and exon 6-7 (p ¼ 3.03x10�47, b ¼ �1.97) junction reads,

while increased exon 5–7 junction reads were observed (p

¼ 1.40 3 10�69, b ¼ 1.99) (Figure 2A). This finding repli-

cated in the LTG dataset (CTRB2 exon 5–6: p ¼ 5.58 3

10�7, b ¼ �1.10; exon 6–7: p ¼ 6.81 3 10�24, b ¼ �2.16;

exon 5–7: p ¼ 1.02 3 10�30, b ¼ 1.99) (Figures S3 and

S4). Colocalization analysis25,34,35 showed that the sQTL

andGWAS signals are highly likely to share the same causal

variant (posterior probability of same causal variants for

exon 5–7 sQTL and GWAS signal, PPGTEx ¼ 0.87; PPLTG ¼
0.87; Table S7).

Structural variants at the CTRB1-CTRB2 locus and

implications for pancreatic cancer risk

We hypothesized that the sQTL results could be due to the

effects of one or more of the 15 candidate functional vari-

ants on CTRB2 splicing or due to structural variant(s) not

captured in the GWAS or the imputation panels used in

the fine-mapping analysis described above. We did not

find support for the first hypothesis because none of the

candidate causal variants were predicted to influence

splicing by bioinformatic analysis (data not shown). Struc-

tural variants, however, have previously been described in



Figure 2. CTRB2 splicing QTL at the chr16q23.1 pancreatic-cancer-risk locus
(A) Boxplots showing normalized CTRB2 exon junction reads (Leafcutter20) in GTEx normal pancreas samples for CTRB2 exon 5–6 (Ai),
exon 6–7 (Aii), and exon 5–7 (Aiii) based on rs72802365 genotype (risk allele ¼ C as indicated in red text). The number of samples per
genotype are G/G, n ¼ 148; G/C, n ¼ 24; C/C, n ¼ 2.
(B) Genomic map of the 584 bp CTRB2 exon 6 deletion (orange) and 16.6 kb CTRB2-CTRB1 inversion (teal) variants as well as the dele-
tion tag SNP, rs72802342, and GWAS tag SNP, rs72802365. The location of the initial most significant genotyped SNP, rs13337397, is
approximately 37 kb downstream of the start of CTRB1 (chr16: 75,295,639) and is not shown here. Splicing QTLs for the LTG dataset
are shown in Figure S3.
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the CTRB1/CTRB2 genomic region (Figure 2B), including a

584 bp deletion variant that completely overlaps exon 6 of

CTRB2 (as well as parts of introns 5 and 6).36 This deletion

ranged widely in frequency across populations (from 0%–

47.2% in 871 HGDP-CEPH samples from 57 populations)

in the study by Pang et al.,36 however, it is not included

in dbVar or 1000G. The deletion variant would be expected

to result in a CTRB2 mRNA that lacks exon 6 and could

therefore explain the observed sQTL. To test this hypothe-

sis, we PCR genotyped (see material and methods) the

1000G European ancestry samples (n ¼ 438, average

MAF for the 584 bp CTRB2 deletion was 8.2%, range

6.1% in TSI to 12.5% in IBS, Tables S1 and S2) and noted

high LD between the 584 bp CTRB2 deletion variant and

the top GWAS SNP rs72802365 (r2 ¼ 0.70, D0 ¼ 0.85).

The best tag SNP for the deletion was rs72802342 (r2 ¼
0.81, D0 ¼ 0.91, GWAS p value ¼ 7.1 3 10�16, OR ¼ 1.34,

95% CI 1.29–1.39, LR ¼ 1:27), one of the 15 candidate

functional variants at 16q23.1 (Table S5). After imputing

the 584 bp CTRB2 deletion variant into the GTEx dataset,

we noted very similar sQTL results to those described

above for the most significant GWAS SNP (CTRB2 exon
The A
5–6 splicing: p ¼ 3.67 3 10�72, b ¼ �2.35; exon 6–7

splicing: p ¼ 4.88 3 10�54, b ¼ �2.03; and exon 5–7

splicing: p¼ 5.373 10�85, b¼ 2.04) (Figure S5A). Likewise,

similar results were seen in the LTG dataset (CTRB2 exon

5–6 splicing: p ¼ 6.23 3 10�9, b ¼ �1.25; exon 6–7

splicing: p ¼ 5.65 3 10�30, b ¼ �2.29; and exon 5–7

splicing: p¼ 4.593 10�44, b ¼ 2.13) (Figure S5B). This sug-

gests that the CTRB2 exon 6 genomic deletion variant

most likely underlies the sQTL results.

To determine whether the 584 bp CTRB2 deletion

variant (Figures S6A and S6b) was associated with pancre-

atic cancer risk, we imputed this variant into the pancreatic

cancer GWAS datasets (PanScan I–III and PanC4)7–9,11 by

using the 1000G EUR reference panel augmented with

the deletion genotypes (Tables S1, S2, and S4). Ameta-anal-

ysis of these datasets showed that the deletion variant was

associated with pancreatic cancer risk (OR ¼ 1.36, p ¼
2.833 10�16, LR¼ 1:11) to a similar degree as the most sig-

nificant variant from the fine-mapping (rs72802365: OR ¼
1.36, p ¼ 2.51 3 10�17). The frequency of the deletion

allele (0.073) is slightly lower than that for the most signif-

icant imputed SNP (rs72802365, 0.082). Conditioning the
merican Journal of Human Genetics 108, 1–14, October 7, 2021 7
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analysis on either rs72802365 or the 584 bp CTRB2 dele-

tion variant resulted in a near complete loss of the associ-

ation signal (after conditioning on rs72802365, p584 bp

CTRB2 deletion ¼ 0.12; after conditioning on the 584 bp

CTRB2 deletion variant, prs72802365 ¼ 0.007), indicating

that the structural variant marks the same association

signal as rs72802365 (Table 1). Due to the lower imputa-

tion quality score for the deletion variant (R2 ¼ 0.85) as

compared to rs72802365 (R2 ¼ 0.99), we applied noncen-

trality parameter (NCP) analysis to determine which of

these variants is more likely to be causal (see material

and methods) and observed greater support for the

CTRB2 deletion variant as a functional variant underlying

the association signal (LR ¼ 5.75).

In addition to the 584 bp deletion variant in CTRB2, a

second structural variant at chr16q23.1 was described by

Pang et al.36 This variant, a 16.6 kb inversion (Figure 2B),

spans the genomic region between the first introns of

CTRB2 and CTRB1 and thereby swaps the first exons of

the two chymotrypsinogen B genes without affecting the

reading frame of the two chymotrypsinogen precursor pro-

teins. The human reference allele for this inversion is the

derived (i.e., inverted) allele as compared to the ancestral

chimpanzee reference sequence (Figure S6C). The 584 bp

deletion variant is only found on the background of the

ancestral allele of this variant at 16q23.1, indicating that

the CTRB1/CTRB2 inversion is a more recent event.36 Sub-

sequent work by Rosendahl et al. described this inversion

variant as a functional variant underlying a pancreatitis

GWAS signal on chr16q23.1.24 Because pancreatitis is a

known risk factor for pancreatic cancer,37,38 we sought to

determine whether the CTRB1/CTRB2 inversion variant

was associated with risk of pancreatic cancer. We PCR gen-

otyped this variant in the 1000G EUR samples (r2 ¼ 0.017,

D0 ¼ 1.0 with both the most significant GWAS SNP,

rs72802365, and the 584 bp CTRB2 deletion; MAF for the

inversion variant ranges from 9.1% in the CEU to 26.4%

in the GBR 1000G European ancestry samples, Table S2)

and imputed it into the pancreatic cancer GWAS datasets.

Unlike the deletion, the inversion variant was not signifi-

cantly associated with pancreatic cancer risk (p ¼ 0.26).

Furthermore, after conditioning the GWAS analysis on

the 16.6 kb inversion variant, the association signals for

the 584 bp CTRB2 exon 6 genomic deletion variant and

rs72802365 were not significantly affected (p ¼ 3.14 3

10�17 and p ¼ 1.89 3 10�18, respectively, Table 1). We

therefore conclude that the inversion does not explain

the underlying biology of this pancreatic-cancer-risk signal

on chr16q23.1.

Because a genomic deletion of an entire exon may have

a large effect on gene function and therefore pancreatic

cancer risk, particularly in individuals homozygous for

the CTRB2 exon 6 deletion, we tested the association

with pancreatic cancer risk by using a recessive model.

This resulted in a larger estimated OR for rs72802365

(ORRecessive ¼ 1.86, 95% CI 1.60–2.17, p ¼ 4.80 3 10�5)

and the 584 bp CTRB2 deletion variant (ORRecessive ¼
8 The American Journal of Human Genetics 108, 1–14, October 7, 20
1.91, 95% CI 1.61–2.28, p ¼ 1.77 3 10�4) as compared

to the additive model (Table 1). The percentage of control

individuals included in the GWAS datasets who were ho-

mozygous for the deletion ranged from 0.42%–0.63%.

The CTRB2 exon 6 deletion impairs chymotrypsin B2

function and localization

The584 bp exon6deletion inCTRB2 is expected to result in

a shorter chymotrypsinogen B2 precursor (pre-proenzyme)

protein (166aa instead of 263aa) because of a premature

stop codonearly in exon7 (the last exon). The resultingpro-

tein lacks the thirdpeptide chain (Cchain)of chymotrypsin

B2, including one of the three amino acids in the catalytic

triad of the full-length chymotrypsinogen B2 digestive

enzyme precursor, serine-213 (Figure 3A).39 This prompted

an assessment of chymotrypsin function and secretion for

the full-length and truncated CTRB2 proteins. We cloned

both versions of the CTRB2ORFs into expression plasmids

and assessed the effects of the deletion on chymotrypsin ac-

tivity in transiently transfectedHEK293Tcells.Weobserved

a 7.6-fold lower chymotrypsin activity for the truncated as

compared to the full-length CTRB2 protein (80 5 5 mU/

mg versus 6065 73 mU/mg, respectively, p¼ 0.017, t-statis-

tic). In fact, the activity for the former was at background

levels (93 5 10 mU/mg) consistent with a total loss of

chymotrypsin activity when exon 6 is missing from

CTRB2 (Figure 3B, Figure S7).

As the CTRB2 protein is activated in the small intestine

after being secreted from pancreatic acinar cells, we sought

to determine whether the deletion influenced secretion of

the CTRB2 protein by comparing protein levels in cell ly-

sates and conditioned media after transient transfections

in HEK293T cells. Although the full-length CTRB2 protein

was predominantly seen in the media, the opposite was

noted for the truncated protein, indicating intracellular

accumulation (Figure 3C, Figure S8). The amount of pro-

tein secreted (observed in the media as compared to the

lysate) was significantly reduced for the truncated (18%

5 5%) as compared to the full-length CTRB2 protein

(92%5 3%, p¼ 3.73 10�4) (Figure 3D). Strong reductions

in chymotrypsin activity and secretion were seen with

both FLAG-tagged (Figures 3C and 3D, Figure S7 and S8)

and nontagged (Figure S9) expression clones.

ER stress pathways are upregulated in pancreatic tissues

from carriers of the CTRB2 exon 6 deletion

To start to assess the biological consequences of the 584 bp

deletion allele and the presence of a nonfunctional and

poorly secreted CTRB2 protein in the pancreas, we

compared gene expression in histologically normal human

pancreatic tissue samples (GTEx v.7) with 0, 1, and 2 copies

of the deletion variant by using a generalized linear model.

We observed 950 genes positively correlated (p< 0.05) and

494 genes negatively correlated (p < 0.05) with the num-

ber of copies of the CTRB2 exon 6 deletion. Gene set and

pathway enrichment analyses yielded significant enrich-

ment (false discovery rate < 13 10�4) for pathways related
21



Figure 3. Effect of the exon 6 deletion on
chymotrypsin B2 activity and localization
(A) (Ai) Schematic figure of theCTRB2 gene
showing the 584 bp deletion that overlaps
all of exon 6 as well as parts of introns 5
and 6. (Aii) Full-length chymotrypsin B2
(CTRB2) protein contains a cleaved signal
peptide and three peptide chains (A, B,
and C) that are held together by disulfide
bonds. When the exon 6 deletion is pre-
sent, a premature stop codon is introduced
(at aa 166 of the truncated protein; at aa
212 as compared to the full-length CTRB2
protein) resulting in the loss of chain C
(amino acids 167–263) including one of
the three amino acids forming the catalytic
triad (denoted by *, Ser213 is lost).
(B) Chymotrypsin activity (mU/mg) calcu-
lated from triplicate experiments (* denotes
p < 0.05) with (dark gray) and without
(light gray; activity due to other proteases
besides chymotrypsin) chymotrypsin acti-
vator (trypsin), error bars represent stan-
dard error of the mean (SEM).

(C) Amount of CTRB2 protein in cell lysates and media assessed by immunoprecipitation-immunoblot analysis in HEK293T cells trans-
fected with plasmids expressing full-length and truncated (lacking exon 6) CTRB2 (FLAG-tagged).
(D) The immunoblot image in (C) was takenwith a ChemiDoc Touch Imaging System and bandswere quantified with the ImageLab soft-
ware (seematerial andmethods). The amount of secreted proteins is summarized from triplicate experiments (** denotes p< 0.001, error
bars represent SEM). The full immunoblot is shown in Figure S8. The effects of the exon6 deletion on chymotrypsin activity and secretion
via nontagged expression clones are shown in Figure S9.
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to ER stress (GSEA: GO BP, protein localization to endo-

plasmic reticulum, establishment of protein localization

to endoplasmic reticulum, and response to endoplasmic

reticulum stress; IPA canonical pathways, unfolded protein

response and endoplasmic reticulum stress pathway),

translation (GSEA: Reactome, 30 UTR-mediated translation

regulation, translation, peptide chain elongation, signal-

recognition particle [SRP] dependent co-translational pro-

tein targeting to membrane; and KEGG, ribosome), and

EIF2 signaling (IPA) (Tables S8 and S9). Thus, individuals

carrying the CTRB2 584 bp genomic deletion allele may

exhibit increased levels of ER stress and altered transla-

tional activity in the pancreas.

To further study the effect of the CTRB2 deletion variant

on ER stress pathways, we examined the expression of

eight canonical ER stress markers (Table S10). Two of these

genes, HSPA5 (encoding BiP) and EIF2AK3 (encoding

PERK), exhibited significantly increased expression in car-

riers of the CTRB2 exon 6 deletion allele in the GTEx data-

set (p < 0.05, b > 1).

Functional ER stress validation

The mechanism by which ER stress may be induced by

the presence of the CTRB2 deletion allele was examined

in the HPDE pancreatic cell line, derived from normal

pancreas, transfected with the GFP-tagged CTRB2 exon

6 deletion and wild-type constructs. Cells transfected

with the wild-type CTRB2 construct showed minimal

levels of the protein in the ER (Figure 4Ai) but some local-

ization to the Golgi (Figure 4Bi, Figure S10), consistent

with rapid intracellular transport and secretion. On the

other hand, the truncated protein showed strong immu-
The A
nostaining in the ER (Figure 4Aii) and little to no colocal-

ization with the Golgi (Figure 4Bii), indicating that it is

retained in the ER. Live imaging validated these findings,

showing rapid transport of full-length CTRB2 protein

from the E, but not of the truncated CTRB2 protein

(Figure S11). This results in an increase in ER stress, as

demonstrated by an increase in BiP (endoplasmic reticu-

lum chaperone BiP, also named GRP-78 and HSP70 family

protein 5; gene name HSPA5) protein levels in cells ex-

pressing the deletion as compared to wild-type CTRB2

(Figure 4C and 4D, p ¼ 0.0002). This was validated in

PANC-1 cells (derived from pancreatic adenocarcinoma)

(Figure S12).

This effect of the CTRB2 exon 6 deletion on the ER stress

pathway was further assessed via examination of gene

expression (by qRT-PCR) of several ER-stress-related genes

in multiple cell lines (MIA PaCa-2, PANC-1, and HEK293T)

transfected with full-length and truncated CTRB2 con-

structs (see material and methods). Expression of several

key ER-pathway-related genes was increased (spliced

XBP1, 1.78- to 2.59-fold, p ¼ 0.012–0.035; HSPA5/BiP,

1.86- to 2.76-fold, p ¼ 0.007–0.035; CALR, 1.49- to 2.12-

fold, p ¼ 0.00–-0.228; and EIF2AK3/PERK, 1.36- to 1.50-

fold, p ¼ 0.026–0.230) in cells transfected with the

CTRB2 exon 6 deletion construct compared to those trans-

fected with the wild-type CTRB2 construct (Figure 4E).

This was confirmed at the protein level for spliced XBP1

(1.52- to 1.60-fold increase, p ¼ 0.012), HSPA5/BiP (2.26-

to 2.59-fold, p ¼ 0.011), CALR (1.31- to 2.99-fold, p ¼
0.22), and EIF2AK3/PERK (1.52- to 2.52-fold, p ¼ 0.021)

in PANC-1 and HEK293T cells expressing either truncated

or full-length CTRB2 constructs (Figure S13).
merican Journal of Human Genetics 108, 1–14, October 7, 2021 9



Figure 4. Effect of the truncated CTRB2
protein on ER stress
(A and B) Human normal pancreatic-
derived HPDE cells transiently expressing
GFP-tagged (green) full-length CTRB2 (Ai
and Bi) and truncated (with exon 6
deleted) CTRB2 proteins (Aii and Bii) were
immunostained with antibodies for the
(A) endoplasmic reticulum marker cal-
nexin (red) or (B) cis-Golgi marker GM130
(red). Representative single xy images
from a Z stack processed with deconvolu-
tion software (Slidebook) are shown, taken
with a spinning disk confocal microscope
with a 633 oil objective and a sCMOS
camera.
(C) Transiently transfected HPDE cells were
immunostained for BiP (HSPA5), a marker
of ER stress (red), and imaged by epifluores-
cence microscopy with a 633 oil objective.
Representative images (Ci and Cii) from
ten fields are shown. DAPI-stained nuclei
shown in blue. Scale bar represents 10 mM.
(D) Quantification of elevated BiP (HSPA5)
protein levels in GFP-expressing HPDE
cells imaged as described in (C) (>40 GFP-
expressing cells were analyzed in each of
three independent experiments) (*** de-
notes p < 0.005, error bars represent SEM).
(E) Fold change increase in mRNA expres-
sion for ER stress pathway genes in cells ex-
pressing the truncated as compared to the

full-length CTRB2 proteins. Expression was assessed by qRT-PCR analysis following transient overexpression of constructs containing
full-length versus truncated (exon 6 deleted)CTRB2 in HEK293T (black), MIA PaCa-2 (gray), and PANC-1 (white) cells. The data are calcu-
lated from four replicate experiments (* denotes p < 0.05, ** denotes p < 0.01, error bars represent SEM). Note that the fold change in-
crease in protein expression for ER stress genes is shown in Figure S13.
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The CTRB2 deletion variant and association with risk of

diabetes mellitus

A shared type I diabetes (T1D)- and type II (T2D) diabetes-

mellitus-risk locus has been reported on chr16q23.1.40

Because a diagnosis of T2D increases risk of pancreatic can-

cer, we investigated whether the diabetes and pancreatic

cancer GWAS signals colocalize. Both the T1D and T2D sig-

nals41,42 were found to colocalize25,34,35 with the pancre-

atic cancer GWAS signal (PPT1D ¼ 1.00; PPT2D ¼ 0.97)

and with the CTRB2 sQTL (PPAverage ¼ 0.84, range 0.49–

1.00, Table S11). This indicates that pancreatic cancer,

T1D, and T2D share a functional variant at 16q23.1 and

that the deletion variant in CTRB2 may underlie the

GWAS signals for these three diseases.
Discussion

We have fine-mapped and functionally characterized a

pancreatic-cancer-risk locus on chr16q23.1. The 15 geno-

typed or imputed variants that mark this signal span a 52

kb region that overlaps three genes: CTRB2, CTRB1 and

BCAR1. The first two genes encode chymotrypsinogen pre-

proenzymes,whichare serineproteasedigestiveenzymepre-

cursors produced in large amounts by the exocrine pancreas

and activated in the gut.43 The third gene, BCAR1, encodes

breast cancer anti-estrogen resistance protein 1 (also named
10 The American Journal of Human Genetics 108, 1–14, October 7, 2
p130Cas), a scaffold signal transduction protein that is

important for multiple cellular pathways, including devel-

opment, tissue homeostasis, cell cycle control, and

motility,44 and is overexpressed in multiple cancers.44

Although the 15 potential functional variants underlying

this risk locus were all noncoding, we did not observe eQTLs

that colocalized with the GWAS signal. However, we identi-

fied an association with aberrant splicing of the CTRB2

mRNA between exons 5 and 7, thus skipping exon 6. This

led us to consider a previously reported but unannotated

584 bp structural deletion variant overlapping exon 6 (as

well as parts of the adjacent introns) in CTRB2.36 Genotyp-

ing and imputing this variant into our pancreatic cancer

GWAS datasets showed that the deletion allele was associ-

ated with a substantially increased risk of pancreatic cancer,

particularly in individuals homozygous for deletion alleles,

and that the sQTL and GWAS signals colocalized.

The full-length chymotrypsinogen B2 precursor is a

263aa protein where the first 18aa comprise a signal pep-

tide that is cleaved off the zymogen upon entry into the

ER. Active chymotrypsin is formed by cleavage by trypsin

at a single peptide bond (Arg33-Ile34) followed by chymo-

trypsin autolysis (at Tyr164-Asp165) yielding a protein

containing three peptide chains (A, B, and C) linked by di-

sulfide bonds.39 Chain C (aa167–263) contains many of

the amino acids responsible for substrate recognition as
021
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well as Ser213, which is part of the catalytic triad.39 The

deletion allele of the 584 bp exon 6 structural variant cre-

ates a premature stop codon yielding a 166aa protein

(148aa after the signal peptide is removed) lacking chain

C. Functional assessment of this truncated CTRB2 protein

is consistent with complete loss of chymotrypsin activity.

Furthermore, we found that the truncated CTRB2 protein

was poorly secreted in vitro and accumulated intracellularly

in the ER, resulting in ER stress. This effect is likely to be tis-

sue specific because chymotrypsin expression is almost

exclusively localized to the exocrine pancreas.

Germline mutations in the PRSS1/PRSS2 (encoding

trypsinogen), CFTR (cystic fibrosis transmembrane

conductance regulator), SPINK1 (serine protease inhibitor

Kazal-type 1), CTRC (chymotrypsinogen-C), and CPA1

(carboxypeptidase A1) genes cause inherited forms of

pancreatitis.24,45,46 Most known mutations in these genes

lead to an increase in intrapancreatic trypsin activation or

a reduction in its degradation, which can lead to acute or

chronic inflammation of the pancreas, loss of pancreatic

function, and tissue damage.46 A subset of mutations in

two of these genes, PRSS1 (cationic trypsinogen) and

CPA1 (carboxypeptidase A1), have been shown to result

in misfolding of these digestive enzyme proteins, loss of

secretion,45 and an increase in ER stress.45 Because pancre-

atitis is a risk factor for pancreatic cancer,4 similar mecha-

nisms that contribute to ER-stress-induced pancreatitis

may promote pancreatic tumorigenesis.

Previous characterization of pancreatic-cancer-risk loci

from GWASs has identified functional variants within

enhancers that regulate gene expression in cis.47,48 For

instance, our work on a multi-cancer-risk locus on

chr5p15.33 identified allele-specific binding of the ZNF148

transcription factor to rs36115365, resulting in altered

regulation of expression for the nearby gene,TERT.48 Similar

work identified a 30 bp deletion variant in a regulatory

element within a pancreatic-cancer-risk locus on

chr13q22.1. This indel variant is bound in an allele-specific

mannerby transcription factors of theTCF/LEF family, phys-

ically interactswith a regionupstreamofDIS3 (570kbaway),

and modulates DIS3 expression.47 Such a mechanism is

believed to underly most common risk loci identified

through GWASs.49 However, the risk locus at chr16q23.1

described here is strikingly different and does not appear to

involve noncoding gene regulatory elements but rather a

structural variant that results in aberrant skipping of

CTRB2 exon 6, intracellular accumulation of a truncated

and nonfunctional chymotrypsin B2 protein, and ER stress.

This risk locus on chr16q23.1 has previously been re-

ported in GWASs for both T1D and T2D.41,42 Interestingly,

although the T1D and T2D signals at this locus colocalize,

suggesting a common causal variant, the risk alleles are

opposite for these two diseases.40 On the basis of our coloc-

alization analysis, it is likely that the CTRB2 exon 6 dele-

tion variant underlies risk at this locus for pancreatic

cancer as well as for T1D and T2D. This suggests that the

expression of the truncated and nonfunctional CTRB2 pro-
The Am
tein may increase risk for pancreatic cancer and T1D but

lower risk for T2D. It is possible that the effect of the

CTRB2 exon 6 deletion variant on T1D risk could be medi-

ated through ER stress and inflammation that may lead to

the production of neoantigen peptides that promote auto-

immunity.50 However, the protective effect on T2D seems

less clear, in part because T2D is an epidemiologic risk fac-

tor for pancreatic cancer.51

Our study has important strengths. The size of the GWAS

datasets allowed fine-mapping of the chr16q23.1 risk signal

to a set of only 15 candidate functional variants. Likewise,

we were able to validate the CTRB2 splicing QTL in two

separate normal-derived pancreatic tissue eQTL datasets.

Limitations to our study include the lack of non-European

populations in the GWAS. Furthermore, the lack of human

pancreatic cell line models with detectable levels of endog-

enous CTRB2 called for in vitro overexpression of CTRB2 for

most functional experiments. Going forward, human tis-

sue samples and animal models will be used to assess the ef-

fects of the CTRB2 exon 6 deletion on ER stress, pancreatic

inflammation, and carcinogenesis in an in vivo setting.

In summary, our work has uncovered a structural variant

overlapping CTRB2 exon 6 as a functional variant underly-

ing risk for pancreatic cancer at chr16q23.1. This 584 bp

genomic deletion results in intracellular accumulation of

a nonfunctional CTRB2 protein leading to ER stress. The

ensuing inflammation may be key for the increased risk

of pancreatic cancer in carriers of this germline variant.

Our work represents one of a few studies that have led to

the identification of functional structural variants underly-

ing GWAS signals that disrupt protein function in a strik-

ing manner.52,53
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