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Abstract

Genetically predicted proteins have been associated with pancreatic cancer risk previously. We 

aimed to externally validate the associations of 53 candidate proteins with pancreatic cancer risk 
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using directly measured, prediagnostic levels. We conducted a prospective cohort study of 10 355 

US Black and White men and women in the Atherosclerosis Risk in Communities (ARIC) study. 

Aptamer-based plasma proteomic profiling was previously performed using blood collected in 

1993 to 1995, from which the proteins were selected. By 2015 (median: 20 years), 93 incident 

pancreatic cancer cases were ascertained. Cox regression was used to estimate hazard ratios (HRs) 

and 95% confidence intervals (CIs) for protein tertiles, and adjust for age, race, and known 

risk factors. Of the 53 proteins, three were statistically significantly, positively associated with 

risk—GLCE (tertile 3 vs 1: HR = 1.88, 95% CI: 1.12–3.13; P-trend = 0.01), GOLM1 (aptamer 

1: HR = 1.98, 95% CI: 1.16–3.37; P-trend = 0.01; aptamer 2: HR = 1.86, 95% CI: 1.07–3.24; 

P-trend = 0.05), and QSOX2 (HR = 1.96, 95% CI: 1.09–3.58; P-trend = 0.05); two were inversely 

associated—F177A (HR = 0.59, 95% CI: 0.35–1.00; P-trend = 0.05) and LIFsR (HR = 0.55, 

95% CI: 0.32–0.93; P-trend = 0.03); and one showed a statistically significant lower risk in the 

middle tertile—endoglin (HR = 0.50, 95% CI: 0.29–0.86); by chance, we expected significant 

associations for 2.65 proteins. FAM3D, IP10, sTie-1 (positive); SEM6A and JAG1 (inverse) were 

suggestively associated with risk. Of these 11, 10 proteins—endoglin, FAM3D, F177A, GLCE, 

GOLM1, JAG1, LIFsR, QSOX2, SEM6A and sTie-1—were consistent in direction of association 

with the discovery studies. This prospective study validated or supports 10 proteins as associated 

with pancreatic cancer risk.
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1 | INTRODUCTION

Pancreatic cancer is the seventh leading cause of cancer death world-wide, accounting 

for almost as many deaths (466 003) as cases (495 773).1 It was the third leading 

cause of cancer death (estimated deaths: 49830; 8%) in the United States in 2022, with 

a 5-year relative survival of 11%.2 Most people with pancreatic cancer are diagnosed 

at an incurable stage.3 This is mainly due to patients developing late-stage, nonspecific 

symptoms, lack of effective screening tests and challenges in diagnosis.3 The burden of 

pancreatic cancer has brought primary prevention to the forefront. Cigarette smoking, 

diabetes, physical inactivity, greater body fatness and chronic pancreatitis are established 

risk factors for pancreatic cancer, which suggest dysregulated inflammatory pathways in 

pancreatic carcinogenesis.4 The tissue microenvironment, including inflammatory, plays an 

important role in tumor development, progression and metastasis.5 Identifying circulating 

biomarkers associated with pancreatic cancer risk, whether marking etiologic exposures or 

an inflamed or injured pancreatic tissue microenvironment, has the potential to improve 

risk stratification and allow for targeted prevention strategies and surveillance during 

the preclinical phase. Circulating plasma biomarkers may provide suggestive information 

regarding causal biological pathways contributing to pancreatic carcinogenesis and shed 

light on future pathway-specific and personalized interception strategies for precancer.

The only established circulating pancreatic cancer biomarker, carbohydrate antigen (CA 19–

9), has several challenges involving false positives in conditions of nonpancreatic cancers 
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and false negatives in Lewis-negative individuals.6,7 Thus, CA 19–9 is used for monitoring 

patients after a pancreatic cancer diagnosis and treatment, but not for early detection and 

not for risk stratification for prevention. Additional proteins, including CA242, PIVKA-II, 

EphA2, PAM4 and RBM6, have been identified based on comparing patients with and 

without pancreatic cancer, but these proteins lack the desired sensitivity and specificity for 

early detection,8–12 and due to the study designs used, do not inform risk stratification for 

prevention. A compendium of potential biomarkers of pancreatic cancer referenced 2325 

papers and reported 930 secreted proteins that were overexpressed in pancreatic cancers 

relative to normal pancreatic tissue; while this approach may inform biomarkers of early 

detection, it does not inform biomarkers of risk.12

With respect to the discovery of novel circulating protein biomarkers of pancreatic cancer 

risk, a prospective case-cohort study in Japan evaluated plasma concentrations of 62 

chemokines, cytokines and growth factors and found no significant associations with 

pancreatic cancer risk.5 A case-cohort study measuring 92 proteins using the OLINK panel 

in 610 cases and a subcohort of 623 individuals in China identified some chemokines, 

interleukins, growth factors and membrane proteins associated with pancreatic ductal 

adenocarcinoma.3 Moreover, differences were identified in the markers associated with 

short-term (ie, markers of an undetected pancreatic cancer) vs long-term risk (ie, markers 

of the future development of pancreatic cancer)3; here, short vs long-term refers to time 

since blood draw before cancer diagnosis. To determine whether the protein markers 

associated with long-term risk are causally related to pancreatic cancer risk or are due to 

the long natural history of disease (reverse causation), several studies have been conducted 

employing genetic instruments for protein levels.3

Recently, two studies used genetic instruments to predict circulating protein concentrations 

and future pancreatic cancer risk13,14 using data, in part, from the INTERVAL study.15 The 

INTERVAL study, a genetic atlas of the human plasma proteome using an aptamer-based 

multiplex protein assay (SomaScan), identified 1927 genotype-protein associations (pQTLs) 

between 1478 proteins and 764 genomic loci from a total of 3301 healthy European descent 

individuals.15 Zhu and colleagues then used the INTERVAL pQTL data15 combined with 

GWAS data in the Pancreatic Cancer Cohort Consortium (PanScan) and the Pancreatic 

Cancer Case-Control (PANC4) Consortium, which included 8280 pancreatic cancer cases 

and 6728 controls of European ancestry, to investigate the associations between genetically 

predicted concentrations of protein biomarkers and pancreatic cancer risk.13 A total of 38 

proteins were statistically significantly associated with pancreatic cancer at a false discovery 

rate of <0.05.13 Eight of the 38 proteins remained significant after adjusting for known 

pancreatic cancer risk variants identified in previous GWAS.13 A follow-up study used 

genetic and proteomic data from the INTERVAL study to develop comprehensive protein 

genetic prediction models and identified 40 proteins that were significantly associated with 

pancreatic cancer risk at a false discovery rate of <0.05, 13 of which were novel.14

In total, 53 protein candidates have been identified as potential biomarkers for pancreatic 

cancer risk using genetic instruments. In terms of causal inference for pancreatic cancer 

risk, these studies relied on a statistical-based selection of genetically regulated components 
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of plasma protein levels, not measured levels and thus may be susceptible to pleiotropic 

effects.16

Therefore, we conducted a prospective cohort study to externally validate the 53 proteins 

with pancreatic cancer risk using prediagnostic protein levels (aptamer-measured) in the 

Atherosclerosis Risk in Communities (ARIC) study. The study included ~20 years of follow 

up of more than 10 000 Black and White men and women from four field centers in the 

United States between 1996 and 2015.

2 | METHODS

2.1 | Study design

Details of the ARIC (RRID: SCR_021769) study design, objectives and baseline response 

rates are described elsewhere.17,18 In brief, ARIC is a prospective community-based 

cohort study that recruited 15 792 adults 45 to 64 years old in 1987 to 1989 from 

four communities: Forsyth County, North Carolina; Jackson, Mississippi; Minneapolis, 

Minnesota; and Washington County, Maryland. The baseline and six follow-up visits (in 

1990–1992, 1993–1995, 1996–1998, 2011–2013, 2016–2017 and 2018–2019) included 

interviews, laboratory measurements and clinical examinations. At baseline, participants 

were interviewed about their demographics, lifestyle factors and medical history, and 

received an extensive examination, including measurement of anthropometrics by trained 

personnel.

For the current analyses, participants were excluded if they (a) did not attend Visit 3 (n = 

2931); (b) had prevalent cancer prior to Visit 3 (n = 1197); (c) were not Black or White 

(n = 36) or (d) were Black from Minneapolis or Washington County (n = 35); (e) did not 

have proteomic profiling at Visit 3 (n = 1225); (f) had missing values for BMI (n = 3) or 

education level (n = 16). After these exclusions, 10 355 participants comprised the analytic 

cohort.

2.2 | Protein measurement

Briefly, a panel of ~5000 plasma proteins or protein complexes was measured in plasma 

collected at ARIC Visit 3 using an aptamer-based capture array (SomaLogic).19 From that 

panel, we selected the 53 candidate proteins identified in previous studies as having a 

significant association with pancreatic cancer risk (Table S1).13,14 At each field center at 

each visit, plasma was collected according to a standardized protocol, frozen at −80°C and 

shipped on dry ice to the ARIC central laboratory, where it was stored frozen. After thawing, 

the plasma was aliquoted into barcoded microtiter plates.19 The plates for Visit 3 (N = 12 

887) were sent to SomaLogic for quantification.19 Subsequently, plates for Visit 2 (N = 14 

348) were sent to SomaLogic. We used Visit 3 as the start of follow-up for the main analysis 

and took advantage of the two time points to explore changes over the 3 years from Visit 2 to 

3 in relation to pancreatic cancer risk.

A total of 5284 modified aptamers were used to measure relative fluorescence units (RFU) 

for a standard plasma volume per participant.19 All candidate proteins in our study were 

measured using one aptamer, except Golgi membrane protein 1 (GOLM1), which was 
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measured using two aptamers that targeted overlapping amino acids (aptamer 1: amino acids 

36–401, aptamer 2: amino acids 109–214).

The SomaScan assay, SomaLogic quality control and ARIC quality control procedures have 

been described in detail elsewhere.19,20 All proteins were log2 transformed.

2.3 | Covariate assessment

A priori, covariates were selected for this analysis if they are known or suspected 

pancreatic cancer risk factors. Data on demographics (sex [male/female]), race [Black/

White], education (less than high school, high school graduate/vocational school, at least 

some college) were reported at baseline. Because race and field centers are highly linked, 

we classified participants as White from Minneapolis, White from Washington County, 

White from Forsyth County, Black from Jackson, or Black from Forsyth County. All other 

covariates were assessed at Visit 3 (ie, concurrent with plasma protein measurement), 

including age (years); body mass index (BMI; kg/m2); cigarette smoking status (current, 

former, never); alcohol consumption (current, former, never); diagnosed diabetes (self-

reported physician diagnosis or used diabetes medications), undiagnosed diabetes (fasting 

glucose ≥126 mg/dL or nonfasting 200 mg/dL), at risk for diabetes (fasting glucose 100 to 

<126 mg/dL or nonfasting glucose of 140-<200 mg/dL; each vs no); and family history of 

cancer (yes, no/do not know). Pack-years of smoking were calculated based on duration of 

smoking, current smoking status and number of cigarettes per day reported.

2.4 | Ascertainment of pancreatic cancer incidence and death

Incident pancreatic cancers were ascertained from 1987 through 2015 by linkage with 

cancer registries in the four ARIC states, supplemented by routine abstraction of medical 

records and collection of hospital discharge summaries for self-reported cases.18 We 

contacted participants who reported at a visit or on an annual or semiannual (since 

2012) follow-up telephone call that they had a cancer diagnosis for more information on 

their diagnosis and requested and reviewed their medical records. Cancer mortality was 

ascertained through 2015 from death certificates where cancer was the underlying cause 

of death. First primary pancreatic cancer incidence and mortality were identified using the 

following ICD-codes: ICD-O-1: 157.0–157.9; ICD-O-2: 25.0–25.9; ICD-O-3: C25.0-C25.9; 

ICD-8: 157.0–157.9; ICD-9: 157.0–157.9; ICD-10: 25.0–25.9. Among the analytic cohort, 

from Visit 3 to 2015, 93 first primary pancreatic cancer cases and 98 pancreatic cancer 

deaths were ascertained. Of the incident cases, 16 were first identified by death certificate, 

and 8 cases were identified by hospital discharge summary or self-report during annual 

follow-up calls.

2.5 | Statistical analysis

Statistical analyses were conducted using SAS 9.4 (RRID: SCR_008567). Figures were 

plotted using R 4.1.1 (RRID: SCR_001905). All statistical tests were 2-sided, and P < .05 

was considered to be statistically significant. A priori we did not propose to adjust for 

multiple testing because the goal was external validation of each candidate protein.
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We estimated age-adjusted percentages or means of characteristics at Visit 3 by cancer status 

using linear regression (continuous variables) or logistic regression (categorical variables). 

We calculated Spearman rank correlation coefficients between the proteins adjusting for 

age. The Wilcoxon rank-sum test was used to test for differences in protein concentration 

after log2 transformation. Multivariable Cox proportional hazards regression with time on 

study as the timescale was used to estimate hazard ratios (HRs) and 95% confidence 

intervals (CIs) of incident pancreatic cancer or pancreatic cancer death in association with 

the 53 candidate proteins. Participants contributed person-time at risk from Visit 3 until the 

diagnosis of a first primary pancreatic cancer (or pancreatic cancer death), a first primary 

cancer other than pancreatic (incidence only), death due to another cause or administrative 

censoring on December 31, 2015, whichever came first. We entered into the model tertiles 

of each protein RFU with cut-points based on the distribution in the whole analytic cohort. 

We tested for trends across tertiles by modeling a single ordinal variable using the medians 

of the tertiles, the coefficient for which we evaluated using the Wald test. Model 1 was 

adjusted for age (continuous), sex, joint terms for race by center and education. Model 

2 was additionally adjusted for cigarette smoking status; packyears smoked (continuous); 

alcohol consumption (status); BMI (continuous); diagnosed diabetes, undiagnosed diabetes, 

at risk for diabetes status; and family history of cancer. Missing indicator variables were 

used for missing pack-years smoked (n = 684) and missing family history of cancer (n = 

628). Standard tests using Schoenfeld residuals suggested no evidence of violation of the 

proportional hazards assumption. To assess the shape of the dose-response associations, we 

modeled the association using restricted cubic splines, with three knots placed at the 10th, 

50th and 90th percentiles of the distribution of protein RFU in the analytic cohort. We 

tested for linearity by performing a likelihood ratio test comparing the linear model (protein 

entered as a continuous variable) and the spline model.

We stratified by race (Black, White), sex (female, male) and also by Visit 3 (baseline for the 

analysis) BMI [normal weight (18.5 to <25), overweight (25 to <30), obese (≥30 kg/m2)] 

and smoking status (ever, never) to investigate potential effect modification. We used the 

same cut-points for the proteins as in the full analytic cohort. We used the likelihood ratio 

test comparing models with and without the cross-product term between a protein and the 

potential effect modifier to test for interaction.

We conducted several sensitivity analyses. We excluded the first 5 years of follow-up after 

Visit 3 to assess the possibility of reverse causation. Among participants who had proteins 

measured at both Visits 2 and 3, we performed the following analyses with follow-up 

starting at Visit 3: (a) lagged the analysis by 3 years by assigning Visit 2 protein levels 

to Visit 3 to further assess the possibility of reverse causation; (b) assessed the association 

of mean of Visit 2 and 3 protein levels and (c) assessed the association of an increase or 

decrease in log2 protein levels from Visit 2 to 3 using stable levels as the comparison.

3 | RESULTS

Among 10 355 participants in the analytic cohort, mean age was 60.0 (SD 5.7) years, 54% 

were female and 22% were Black (Table 1). During the median of 20 years of follow-up 

(167 142 person-years), 93 first primary pancreatic cancer cases were ascertained.
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Of the 53 proteins, unadjusted, prediagnostic levels of 4 proteins—D-glucuronyl C5-

epimerase (GLCE; P = .03), Golgi membrane protein 1 (GOLM1) (aptamer 1: P = .04; 

aptamer 2: P = .01), leukemia inhibitory factor receptor (LIFsR; P = .04) and sulfhydryl 

oxidase 2 (QSOX2; P = .06) differed between participants who were subsequently diagnosed 

with pancreatic cancer and those who were not (Table 2). GOLM1 levels measured by the 

two aptamers were strongly correlated (Spearman partial r = .83). Among the 53 proteins, 29 

protein pairs were moderately correlated when taking into account age (r > |.5|; Figure S1).

3.1 | Prediagnostic plasma protein levels and pancreatic cancer risk

Associations between levels of the 53 plasma proteins and pancreatic cancer risk were 

similar before (Model 1) and after further adjusting for pancreatic cancer risk factors (Model 

2; Table S2). Of the 53 proteins, in the fully-adjusted model (Model 2; Table 3), 3 were 

statistically significantly positively associated—GLCE (tertile 3 vs 1: HR = 1.88, 95% CI: 

1.12–3.13; P-trend = 0.01), GOLM1 (aptamer 1: HR = 1.98, 95% CI: 1.16–3.37; P-trend 

= 0.01; aptamer 2 HR = 1.86, 95% CI: 1.07–3.24; P-trend = 0.05) and QSOX2 (HR = 

1.96, 95% CI:[1.09–3.58]; P-trend = 0.05). Two of the proteins were inversely associated 

with pancreatic cancer risk—F177A (HR = 0.59, 95% CI: 0.35–1.00; P-trend = 0.05) and 

LIFsR (HR = 0.55, 95% CI: 0.32–0.93; P-trend = 0.03). For 1 protein—endoglin—the 

HR for tertile 2 (vs tertile 1) was statistically significant and inverse (0.50, 95% CI: 0.29–

0.86), while the HR for tertile 3 was not significant but was <1.0 (HR = 0.85, 95% CI: 

0.52–1.38). We expected associations for 2.65 proteins to be statistically significant by 

chance alone. Five other proteins were suggestively associated with pancreatic cancer risk 

(based on the P-trend or 95% CI; Table 3) in the positive direction—FAM3D, C-X-C 

motif chemokine 10 (IP10) and tyrosine-protein kinase receptor Tie-1, soluble (sTie-1) or 

inverse direction—protein jagged-1 (JAG1) and semaphorin-6A (SEM6A). Ten of the 11 

proteins that were significantly or suggestively associated with risk—endoglin, FAM3D, 

F177A, GLCE, GOLM1, JAG1, LIFsR, QSOX2, SEM6A and sTie-1—were consistent in 

the direction of the association with the discovery studies.

Of the 11 proteins that were significantly or suggestively associated with risk, endoglin was 

moderately to strongly correlated (Spearman partial r > .6) with both JAG1 and LIFsR, and 

SEM6A was moderately to strongly correlated with LIFsR (Spearman partial r > .6). When 

adjusted for endoglin, the inverse associations for JAG1 and LIFsR remained, while for 

endoglin, the HR for the middle tertile became less inverse and the top tertile shifted from 

below to above 1. We also mutually adjusted LIFsR and JAG1 (Spearman partial r > .55) and 

the inverse association for LIFsR remained, while the association for JAG1 remained inverse 

but was attenuated. When mutually adjusted, the inverse associations for both LIFsR and 

SEM6A remained inverse, but were attenuated.

We investigated the shape of the dose-response for the associations (natural logarithm scale) 

for the 11 proteins with pancreatic cancer risk using restricted cubic splines (Figure 1). 

QSOX2 showed an inverted U-shaped relationship with pancreatic cancer (P = .02). While 

the tests for linearity were all P > .15 for the other 10 proteins, most showed nonlinear 

associations with pancreatic cancer risk (on the ln scale).
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3.2 | Effect modification

SEM6A level did not differ between White and Black participants (P = .64). Levels of 42 of 

the 53 proteins statistically significantly differed between male and female participants. Of 

the 11 proteins, compared to male participants, female participants had higher levels of IP10 

and sTie1, and lower levels of endoglin, GLCE, GOLM1 (both aptamers), JAG1, LIFsR, 

QSOX2 and SEM6A (P < .01). F177A and FAM3D level did not differ between female and 

male participants (both P > .50).

Given the difference in risk of pancreatic cancer by race and sex, we explored effect 

modification by race and sex for the 11 proteins that were significantly or suggestively 

associated with pancreatic cancer risk (Table 4). The only statistically significant interaction 

at the P < .05 level was for sex and FAM3D (P-interaction <.01). Possible interactions (P 
≤ .10) were also observed for race and F177A, GOLM1-aptamer 2 and IP10; and sex and 

JAG1; smoking and sTie-1.

3.3 | Sensitivity analyses

The sensitivity analysis (a), in which we excluded the first 5 years of follow-up (77 

pancreatic cancer cases, 164 618 person-years), yielded HRs that were consistent in 

direction and not substantially attenuated relative to the main analysis (Table S4). In 

the sensitivity analyses among participants with proteins at both Visits 2 and 3 (9125 

participants, 85 pancreatic cancer cases, 148 589 person-years), we observed the following 

results. (b) When lagging Visit 2 protein level to Visit 3 (Table S5) and (c) when using the 

mean of Visit 2 and 3 protein levels (Table S6), the HRs were consistent in direction with the 

overall analysis except for endoglin. When modeling the percent increase or decrease in log2 

level from Visit 2 to 3 (compared to stable level), participants with >1% change (increase or 

decrease) in IP10 level between visits had a lower risk of pancreatic cancer, and those with 

>1% decrease in LIFsR had a higher risk of pancreatic cancer (Table S7).

3.4 | Prediagnostic protein levels and pancreatic cancer mortality

During a median of 21 years of follow-up (186 914 person-years), 98 pancreatic cancer 

deaths were documented. In the fully adjusted model, patterns of associations with 

pancreatic cancer mortality were largely consistent with the incidence analysis (Table S8). 

Statistically significant associations with pancreatic cancer mortality were observed for 5 of 

the 11 proteins that were significantly or suggestively associated with risk—GLCE, GOLM1 

(aptamer 1), LIFsR, QSOX2 and sTie-1.

4 | DISCUSSION

This prospective cohort analysis in the ARIC study aimed to externally validate the 

associations of 53 candidate genetically predicted proteins using aptamer-measured levels 

with pancreatic cancer. Of the 53 proteins, 11 proteins were significantly or suggestively 

associated with pancreatic cancer risk. Associations were in the same direction for 

pancreatic cancer incidence and mortality. GOLM1 levels detected by two aptamers 

that target overlapping amino acids were highly correlated and showed similar positive 

associations with pancreatic cancer. Ten of the 11 proteins that were significantly or 
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suggestively associated with risk—endoglin, FAM3D, F177A, GLCE, GOLM1, JAG1, 

LIFsR, QSOX2, SEM6A and sTie-1 were consistent in the direction of association with 

the discovery studies. Given that we studied proteins that were the top hits from studies of 

the associations of genetically predicted proteins with pancreatic cancer risk, our findings 

support that the validated or supported proteins are mediators on the pathway from SNPs to 

pancreatic cancer risk. If confirmed, these 10 proteins could be investigated for etiology and 

for use in risk stratification for surveillance and precancer interception.

Our study provides information about possible protein biomarkers of pancreatic cancer risk. 

With respect to etiology, some proteins may be made in a different level as a response to 

known, suspected or even unknown risk factors for pancreatic cancer. Etiologic proteins 

may be useful in risk stratification if they have sufficient prediction. Also, with respect 

to risk stratification, some proteins may be made by the pancreas if it is injured or made 

in response to an injured pancreas (eg, inflammation and wound healing). If that injury 

increases the risk of subsequent pancreatic cancer, those proteins could be useful biomarkers 

for risk stratification for surveillance. With respect to early detection, some proteins may 

be made or made in different amounts than usual by pancreatic cancer tumors or precursors 

before they are diagnosed; some of these proteins could be detectable in circulation.3 In 

our study, we used various strategies to inform whether the confirmed proteins most likely 

reflect exposures or steps in pancreatic carcinogenesis. To address etiology, we adjusted 

for known or suspected risk factors to determine whether the proteins were marking the 

risk factors but not themselves associated with pancreatic cancer. All 11 proteins were 

still statistically significantly or suggestively associated with pancreatic cancer risk after 

adjustment, suggesting that (a) the proteins are etiologically linked with pancreatic cancer 

risk or (b) that the proteins are marking unknown risk factors but themselves are not 

associated with pancreatic cancer. Related to (a), the proteins may be mediating the causal 

pathway from the known factors to pancreatic cancer. To address etiology vs proteins 

produced by a tumor or in response to a tumor, in a sensitivity analysis, we excluded 

the first 5 years after the blood draw to determine the possibility that pancreas damage 

or an undiagnosed pancreatic cancer is influencing baseline levels of the proteins. In that 

sensitivity analysis, associations for 11 of the proteins were not attenuated, suggesting that 

reverse causation is unlikely. Thus, these proteins may be useful for investigating etiology, 

and for determining whether they may contribute to risk prediction, and thus may be useful 

for risk stratification.

Table S9 compares the findings from the ARIC study using aptamer-measured protein levels 

to those from the two discovery studies using genetically predicted protein levels.13,14 Of 

the 10 proteins that were consistent in the direction of association with one or both of the 

discovery studies and were significant or suggestive in ARIC, FAM3D, GLCE, GOLM1 

and sTie-1 were positively associated, endoglin, F177A, LIFsR, JAG1 and SEM6A were 

inversely associated, and QSOX2 showed a U-shaped relationship with pancreatic cancer 

risk. While conventionally showing null associations (ie, HRs modest and not significant), 

an additional 12 proteins were consistent in the direction of the observed HRs in one or both 

of the discovery studies; and of these 8 had HRs >1, suggesting a pattern different from 

chance. IP10 was positively associated with risk in ARIC, but genetically predicted levels 

were inversely associated in one or both of the discovery studies.
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In Zhu et al associations for the 5 proteins—endoglin, F177A, GLCE, JAG1 and LIFsR—of 

the 10 proteins that were statistically significant or suggestive and consistent in direction 

between ARIC and Zhu et al, were each substantially attenuated when they adjusted for 

previously identified pancreatic cancer risk variants.13 This suggests that these proteins may 

mediate the association between the previously identified risk SNPs and pancreatic cancer 

risk; other explanations are possible, including genetic confounding and chance.13

Of the 10 proteins that were significantly or suggestively associated with pancreatic cancer 

risk in ARIC and in the same direction as in one or both of the discovery genetically 

predicted protein studies, LIFsR is the only protein that was consistent in the direction 

in all three studies (inverse) and was statistically significant in all three studies (Table 

S9).13,14 LIFsR was strongly correlated with endoglin and SEM6A (Spearman partial r > 

.6), but after their mutual adjustment, LIFsR remained inversely associated. LIFsR was also 

moderately correlated with a number of proteins, but those proteins, other than JAG1, were 

not statistically significantly or suggestively associated with pancreatic cancer risk. Because 

endoglin was strongly associated with both LIFsR and JAG1 (Spearman partial r > .6), and 

JAG1 was suggestively associated with pancreatic cancer risk, we also mutually adjusted 

them, and LIFsR remained inverse while JAG1 was attenuated. These analyses support 

that LIFsR is the protein explaining the inverse association rather than a correlated protein 

among the candidates.

LIFsR is the soluble form of the leukemia inhibitory factor receptor (LIF-R). LIFRβ forms 

a heterodimer with gp130 to form a membrane-bound receptor. Its ligand, LIF is a member 

of the interleukin-6 family. This ligand-receptor complex signals through the JAK/STAT 

pathway, and has roles in human embryogenesis and carcinogenesis.21,22 For pancreatic 

cancer, studies support that signaling by this complex is involved in pancreatic tumor 

growth, but suppression of pancreatic metastases.12 Like other soluble cytokine receptors, 

LIFsR binds LIF and prevents this cell signaling.22 While we do not know the cellular 

source of LIFsR, we sought to determine whether our findings are due to reverse causation 

(eg, level is influenced by an undiagnosed tumor and thus level appears to be associated 

with risk). LIFsR remained inversely associated with risk when using multiple statistical 

approaches to assess reverse causation within a 3- to 5-year window. When addressing 

change in level over 3 years before the start of follow-up, participants whose LIFsR 

level decreased had a higher risk of pancreatic cancer compared to those whose level 

remained stable. Within the context of what is known about LIFsR and given the mediation 

findings from Zhu et al, our findings suggest a possible role for LIFsR in pancreatic cancer 

development, and thus risk. Nevertheless, we cannot rule out that LIFsR is marking later 

moments in the long preclinical phase of pancreatic cancer.

In addition to LIFsR, some of the other proteins that were statistically significantly or 

suggestively associated have been investigated in relation to pancreatic neoplasia in the 

context of early detection, diagnosis and prognosis.12,23–27 More research is needed to 

understand the potential biological consequences of the associations between the other 10 

proteins and the risk of the development of pancreatic cancer.
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There are several possible explanations for why some proteins identified in the discovery 

studies by Zhu et al13 and Ghoneim et al14 were not confirmed in ARIC (Table S9). 

First, circulating protein concentrations are influenced by both inherent (genetic) and 

environmental (extrinsic) factors, and thus, the use of the genetically regulated components 

of circulating protein concentrations, by using genetically predicted levels, may not have 

captured extrinsic factors.28 For example, in Ghoneim et al, they were not able to 

incorporate some established covariates (eg, smoking, BMI, diabetes) for adjustment during 

protein-genetic prediction model construction.14 In contrast, we focused on measured levels 

of proteins in circulation (genetic and extrinsic). Second, Zhu et al relied on protein 

quantitative trait loci (pQTLs) in GWAS, and thus the explained variation in protein 

concentration may be limited by the number of known pQTLs.13 In contrast, our use of 

measured proteins likely captures all genetic regulators as well as extrinsic regulators. Third, 

genetic instruments for a protein of interest as in Zhu et al13 and Ghoneim et al14 could be 

associated with other proteins (pleiotropy), and those other proteins rather than the proteins 

of interest may be involved in pancreatic carcinogenesis.29 Our use of measured levels of the 

53 candidates precludes the possibility that some genetically associated proteins lie up- or 

downstream of the candidate protein levels and mediate in the pancreatic cancer risk as part 

of the same causal pathway.30

4.1 | Strengths and limitations

Strengths of our study include the use of a high-throughput proteomic technology,19 a large 

community cohort, inclusion of Black and White women and men, prospective design, 

approximate 20-year follow-up and validity of cancer outcome and covariates data, which 

were ascertained without respect to protein measurements.

Nevertheless, our results should be interpreted within the context of several possible 

limitations. First, we have not confirmed whether the proteins or their levels measured 

using the SomaLogic aptamer-based method in this cohort would be consistent with 

those measured using ELISA or other conventional methods. Additional work using 

mass spectrometry for accurate mass determination, protein characterization and plasma 

concentration (rather than RFU) is needed. Second, given the number of pancreatic cancer 

cases in our study, we had low power to detect modest to moderate associations and effect 

modification, and were unable to investigate associations by tumor stage and histologic type. 

Third, we are unable to determine whether the proteins may mediate the causal pathway 

from known pancreatic cancer risk factors to pancreatic cancer risk vs whether the risk 

factors are confounders of the association between the proteins and pancreatic cancer risk. 

Fourth, if the risk factors are confounders, even though we adjusted for BMI, smoking 

status, pack-years, alcohol consumption and diabetes status, we cannot rule out residual 

confounding of the association between proteins and pancreatic cancer risk by factors that 

are already known or strongly suspected risk factors for pancreatic cancer. Finally, we 

cannot rule out the role of chance, although by chance, we expected significant associations 

for 2.65 of the 53 proteins, and we observed that 6 were statistically significant in the 

primary analysis (Table 3).
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In summary, we validated or identified support for 10 proteins, including LIFsR, that were 

previously identified in studies using genetic instruments. These proteins were associated 

with pancreatic cancer risk when using aptamer-based levels in a prospective cohort study 

in ARIC. Findings from our study support previous evidence for prediagnostic protein 

biomarkers of pancreatic cancer risk. If confirmed, these proteins could be investigated for 

etiology and use in risk stratification for surveillance and interception for precancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GOLM1 golgi membrane protein 1

GWAS genome-wide association study

HR hazard ratio

IP10 C-X-C motif chemokine 10

JAG1 protein jagged-1

LIFsR leukemia inhibitory factor receptor

PAM4 clivatuzumab

PIVKA-II protein induced by vitamin K absence-II

pQTL protein quantitative trait loci

QSOX2 sulfhydryl oxidase 2

RBM6 RNA-binding protein 6

RFU relative fluorescence unit

SEM6A semaphorin-6A

SNP single nucleotide polymorphism

sTie-1 tyrosine-protein kinase receptor Tie-1, soluble
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What’s new?

The use of genetic tools to predict proteins associated with pancreatic cancer risk 

may be influenced by pleiotropy, which could lead to the misidentification of proteins 

involved in pancreatic carcinogenesis. Here, the authors aimed to validate associations 

for 53 candidate proteins using directly measured, prediagnostic levels in a prospective 

cohort. Ten proteins were significantly or suggestively associated with pancreatic cancer 

risk. Positive and inverse associations between the 10 proteins and risk of pancreatic 

malignancy matched findings of previous studies. The findings validate previous work 

and suggest that the identified proteins are candidate markers for pancreatic cancer 

prevention and surveillance.
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FIGURE 1. 
Plots for the association between levels (RFU) of 11 plasma proteins* and pancreatic cancer 

risk, 10 355 participants in ARIC, Visit 3 (1993–1995) through 2015. The figure shows 

plots from Cox proportional hazards regression models using restricted cubic splines with 

three knots placed at the 10th, 50th and 90th percentiles of the distribution of the 11 plasma 

proteins RFU in the analytic cohort adjusted for age at Visit 3, sex, joint race by center 

and education, cigarette smoking status, packyears smoked at Visit 3, alcohol consumption, 

BMI, diagnosed diabetes, undiagnosed diabetes, at risk for diabetes status and family 

history of cancer. The 11 proteins were selected from the 53 candidate proteins identified 

based on References 13, 14 and were statistically significantly or suggestively associated 

with pancreatic cancer risk overall (Table 3). Note that the SomaScan panel includes two 

aptamers for GOLM1. Aptamer 1 targets amino acids 36 to 401. Aptamer 2 targets amino 

acids 109 to 214. Their Spearman partial correlation is .83 in the analytic cohort. The 

P-value for nonlinearity is from a likelihood ratio test comparing the fit of the linear model 

and the fit of the spline model; a high P-value supports that the association is linear on the 

natural logarithm scale of the HR. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1

Age-adjusted characteristicsa by subsequent incident pancreatic cancer status, ARIC, 1993 to 1995 (Visit 3).

Analytic cohort

Subsequent pancreatic cancer status

P-valueCase Noncase

N 10 355 93 10 262

Age, mean (SE, years) 60.0 (0.1) 60.0 (0.5) 60.0 (0.1) .44

Female (%) 54.0 46.5 53.9 .15

Black (%) 21.9 32.5 21.6 .02

Field center (%) .03

 Forsyth County, NC 26.2 17.2 26.4

 Jackson, MS 19.3 30.4 18.9

 Minneapolis, MN 27.4 24.8 27.6

 Washington County, MD 27.1 27.6 27.1

 Education level (%) .65

Less than high school 20.6 23.7 19.9

High school graduate, vocational school 42.3 40.3 42.8

 College graduate and beyond 37.1 36.0 37.3

Body mass index, mean (SE, kg/m2) 28.6 (0.1) 28.8 (0.6) 28.6 (0.1) .71

Cigarette smoking (%) .90

 Current smoker 17.9 19.4 17.7

 Former smoker 44.4 42.8 44.4

 Never smoker 37.7 37.8 37.9

Packyears smoked among ever smokersb, mean (SE) 28.7 (0.3) 26.0 (3.1) 28.7 (0.3) .31

Alcohol consumption (%) .63

 Current drinker 52.7 55.2 52.6

 Former drinker 31.0 32.1 31.0

 Never drinker 16.4 12.7 16.4

Diabetes status (%) <.01

 Diabetes, diagnosed diabetes 11.3 10.5 11.1

 Diabetes, undiagnosed 7.8 7.5 7.8

 At risk for diabetes 31.3 46.2 31.1

 Normoglycemic 49.6 35.8 50.0

Family history of cancerc (%) 56.2 59.0 56.2 .58

a
Linear or multinomial logistic regression models were used to estimate predicted probabilities adjusted for age as appropriate. Probabilities were 

multiplied by 100.

b
Missing information for 684 participants.

c
Missing information for 628 participants.
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