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Abstract

Genome-wide association studies (GWAS) of esophageal adenocarcinoma (EAC) and its precursor, Barrett’s esophagus (BE),
have uncovered significant genetic components of risk, but most heritability remains unexplained. Targeted assessment
of genetic variation in biologically relevant pathways using novel analytical approaches may identify missed susceptibility
signals. Central obesity, a key BE/EAC risk factor, is linked to systemic inflammation, altered hormonal signaling and
insulin-like growth factor (IGF) axis dysfunction. Here, we assessed IGF-related genetic variation and risk of BE and EAC.
Principal component analysis was employed to evaluate pathway-level and gene-level associations with BE/EAC, using
genotypes for 270 single-nucleotide polymorphisms (SNPs) in or near 12 IGF-related genes, ascertained from 3295 BE cases,
2515 EAC cases and 3207 controls in the Barrett’s and Esophageal Adenocarcinoma Consortium (BEACON) GWAS. Gene-
level signals were assessed using Multi-marker Analysis of GenoMic Annotation (MAGMA) and SNP summary statistics
from BEACON and an expanded GWAS meta-analysis (6167 BE cases, 4112 EAC cases, 17 159 controls). Global variation in
the IGF pathway was associated with risk of BE (P = 0.0015). Gene-level associations with BE were observed for GHR (growth
hormone receptor; P = 0.00046, false discovery rate q = 0.0056) and IGF1R (IGF1 receptor; P = 0.0090, q = 0.0542). These
gene-level signals remained significant at q < 0.1 when assessed using data from the largest available BE/EAC GWAS meta-
analysis. No significant associations were observed for EAC. This study represents the most comprehensive evaluation to
date of inherited genetic variation in the IGF pathway and BE/EAC risk, providing novel evidence that variation in two genes
encoding cell-surface receptors, GHR and IGF1R, may influence risk of BE.
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Abbreviations

BE Barrett’s esophagus

BMI body mass index

EAC esophageal adenocarcinoma
eQTLs expression quantitative trait loci
FDR false discovery rate

GH growth hormone

GHR growth hormone receptor

GWAS genome-wide association studies
IGF insulin-like growth factor

OR odds ratio

PC principal component

PCA principal component analysis
SNP single-nucleotide polymorphism
wcC waist circumference

WHR waist-hip ratio

Introduction

Despite diagnostic and therapeutic advances over recent dec-
ades, esophageal adenocarcinoma (EAC) remains one of the
most lethal of all cancers, with a median survival of less than
1 year (1-4). EAC arises from an epithelial precursor lesion,
Barrett’s esophagus (BE). Gastroesophageal reflux, central
obesity, tobacco smoking, male sex and European ancestry are
well-established BE/EAC risk factors (5,6). Inherited genetics
represents another important contributor to disease etiology. In
the last 8 years, genome-wide association studies (GWAS) have
identified nearly 20 susceptibility loci for BE/EAC and revealed
substantial heritable components (h? ~ 25-35%) of risk (7-12).
Nevertheless, the majority of heritability remains unexplained,
underscoring the need for further discovery efforts. To maximize
the value of existing GWAS data, we and others have adopted
pathway-level and gene-level approaches to aggregate distrib-
uted genetic signals, reduce dimensionality and boost statistical
power to detect further associations. Post-GWAS assessments
have identified additional candidate susceptibility genes, such
as MGST1 and CDKN2A, in biologically plausible pathways (e.g.
inflammation and tumor suppression) related to BE/EAC patho-
genesis (13,14).

Strong epidemiologic associations between central obesity
and risk of BE/EAC have suggested a potential role for metabolic
signaling disturbances, such as in the insulin-like growth factor
(IGF) axis, in the pathophysiology of BE/EAC (15-19). Visceral
fat is known to affect glucose and lipid metabolism, and alter
levels of bioactive molecules and hormones such as insulin,
IGFs and pro-inflammatory cytokines (20). Such hormonal and
pro-inflammatory alterations may lead to a dysfunctional IGF
system, which has been associated with risk of multiple can-
cers, including breast, colorectal, prostate, lung and ovary (21-
25). The core IGF pathway comprises growth hormone (GH), the
growth hormone receptor (GHR), ligand proteins, insulin-like
growth factors 1 and 2 (IGF1, IGF2), insulin-like growth factor 1
receptor (IGF1R) and six IGF binding proteins (IGFBP1-IGFBP6)
(Supplementary Figure S1) (26). The binding of circulating GH to
GHR, which is expressed on the cell surface in multiple tissues,
triggers the intracellular synthesis of IGF1, the primary down-
stream effector. IGF1 in circulation is bound to IGFBPs, which are
cleaved at target organ sites, allowing free IGF1 to bind IGF1R and
promote tissue growth. Pathway hyperactivation supports risk of
transformation and tumorigenesis through promotion of cellular
proliferation and angiogenesis, and reduction of apoptosis (26).

Additional lines of evidence have implicated the IGF
pathway in esophageal carcinogenesis. Immunohistochemical
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assessment of patient specimens revealed elevated IGF1R pro-
tein expression during BE to EAC progression (27). Studies from
The Cancer Genome Atlas (TCGA) found IGF1R gene amplifica-
tions in 10% of EAC tumors analyzed (28). Upregulation of IGFBP3
has been reported in BE and EAC tissues, relative to normal
esophageal epithelium, and IGFBP3 and IGFBP4 overexpression
was seen in BE tissues of patients with concurrent EAC, com-
pared with those without cancer (29). In vitro studies have dem-
onstrated increased EAC cell-line proliferation in response to
IGF1 (30). While serum IGFBP3 and IGF1 levels were not associ-
ated with EAC risk in one BE cohort (31), high serum IGF1 levels
have been noted in viscerally obese EAC cases (15,30), along with
increased IGF1R gene and protein expression (15).

A previous study described associations between
polymorphisms in GHR and IGF1 and reduced risk of EAC and
BE, respectively (32). However, this study included only a small
number of cases (n < 500) from a single country (Ireland) and
evaluated only ~100 single-nucleotide polymorphisms (SNPs)
in seven IGF-related genes. Thus, comprehensive assessment
of germline genetic variation in the IGF pathway is needed to
understand the extent to which such variation may influence
BE/EAC risk and interact with known risk factors. To address
this gap, we used complementary statistical approaches to
evaluate associations between IGF-related inherited variation
and BE/EAC risk, with data from the Barrett’s and Esophageal
Adenocarcinoma Consortium (BEACON) GWAS, and further as-
sessed gene-level results in an expanded GWAS meta-analysis
dataset.

Methods

Study populations and SNP genotyping

Detailed descriptions of study participants and GWAS datasets have been
published previously (9,10). The first phase of our analysis included 2515
EAC, 3295 BE cases and 3207 controls from the BEACON GWAS (10). All par-
ticipants were of European ancestry. DNA was isolated from buffy coat or
whole-blood and genotyped using the Illumina OmnilM Quad platform.
The second phase of our study used data from a larger GWAS meta-analysis
(Supplementary Table S1), which included the BEACON GWAS participants
and additional cases and controls from GWAS conducted in Germany and
the United Kingdom (9). All participants were of European ancestry. DNA
samples were obtained from blood or saliva and genotyped on high-density
Mlumina arrays (9). Informed consent was obtained from all participants in
individual studies and every participating institution received ethics ap-
proval from their respective Institutional Review Boards (IRBSs).

Selection of genes and SNPs

Twelve core IGF-related genes, GH1, GHR, IGF1, IGF2, IGF1R, IGFBP1, IGFBP2,
IGFBP3, IGFBP4, IGFBPS5, IGFBP6 and IGFALS were selected a priori for ana-
lysis. OmnilM SNPs that passed Illumina quality metrics, satisfied add-
itional quality control criteria and had minor allele frequencies >1% were
eligible for inclusion (10). Variants selected for analysis are located within
hgl9 consensus gene boundaries, or within 2.0 kb flanking sequences
proximal to the transcriptional start site and distal to the 3’ untrans-
lated region (Supplementary Table S2) (10). SHAPEIT was used to impute
missing values of genotyped SNPs in the BEACON dataset (33).

Statistical analysis

A principal component analysis (PCA) framework, developed and de-
scribed previously (13), was applied to examine the association between
global genetic variation in the IGF pathway and the risks of BE and EAC,
separately, using the BEACON GWAS genotype data. Briefly, a genotype
matrix was constructed using all eligible SNPs assigned to the 12 genes
under study. Each SNP genotype was coded 0, 1 or 2, based on the number
of designated minor alleles, and standardized across participants to ob-
tain a mean of 0 and SD of 1. The first N principal components (PCs) that
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captured >50% of the genetic variance were selected. A likelihood ratio
test statistic was used to assess the association between genetic vari-
ation and disease risk. A full model, containing the N pathway-level PCs,
age, sex and the first four PCs derived from ancestry-informative markers
(PC1,,PC4,,), was compared with a reduced model, containing age, sex
and PC1,,~PC4,  only. A two-sided pathway-level P value <0.05 was con-
sidered statistically significant.

Gene-level analysis was conducted for all genes (n = 10) with three or
more eligible genotyped SNPs, based on a similar PCA approach (13). We
also employed Multi-marker Analysis of GenoMic Annotation (MAGMA
v1.08) as a complementary method for gene-level evaluation, using SNP
summary statistics. MAGMA is a fast, flexible and robust tool for ana-
lyzing the joint associations of multiple genetic markers simultaneously
while accounting for linkage disequilibrium (34,35). At the gene level,
correction for multiple comparisons was conducted via the Benjamini-
Hochberg false discovery rate (FDR) method (36). MAGMA was similarly
applied to SNP summary statistics derived from the larger GWAS meta-
analysis dataset (Supplementary Tables S1 and S2) (9). The Phase 3 1000
Genomes (EUR) reference dataset (hg19) was used to calculate linkage dis-
equilibrium (37). Meta-analysis SNP-level summary data for the top two
genes identified in BEACON were visualized graphically using LocusZoom
plots (38) and characterized for functional potential using HaploReg and
the Genotype-Tissue Expression (GTEx) project (39,40).

In exploratory studies, genetic variants in the BEACON dataset
were evaluated for gene-environment interactions with BE risk fac-
tors, including sex, tobacco smoking, body mass index (BMI) and
gastroesophageal reflux symptoms. We also examined interactions by
waist circumference (WC: controls = 593, BE cases = 1113) and waist-hip
ratio (WHR: controls = 376, BE cases = 874), in a limited subset of parti-
cipants with relevant data. Based on guidelines from the World Health

Table 1. Characteristics of BEACON GWAS study participants

Organization and Centers for Disease Control, normal WHR was defined
as <0.85 for women and <0.90 for men; and normal WC was defined as
<35 inches (women) and <40 inches (men) (41,42). All analyses were con-
ducted using STATA/SE V.15 (College Station, TX).

Results

Characteristics of study participants

Our primary analysis included data from 3295 BE cases, 2515
EAC cases and 3207 controls from the BEACON GWAS (10)
Demographic and lifestyle characteristics of participants are
presented in Table 1. BE and EAC cases were somewhat older
and more often male compared with controls; obesity (BMI 30+),
smoking, and reflux symptoms were more prevalent among
cases versus controls.

Pathway-level associations: BEACON GWAS data

Components of the IGF pathway function biologically together
as a unit, exhibiting signal amplification and feedback loops (43).
To assess overall genetic variation in the IGF axis in relation to
disease risk, we used a PCA-based method, and identified a sig-
nificant association with risk of BE (P = 0.0015), but not EAC (P =
0.36) (Table 2). This association remained significant after appli-
cation of the stringent Bonferroni correction accounting for five
pathways examined in our previous publication (13) and the IGF
pathway in this report (0.05/6 = 0.0083).

Controls (n = 3207)

BE cases (n = 3295) EAC cases (n = 2515)

N % N % N %

Age (years)

<50 726 22.6 449 13.7 189 7.6

50-59 885 27.6 780 23.7 547 21.9

60-69 963 30.0 1011 30.7 884 35.4

70+ 633 19.8 1048 31.9 875 35.1
Sex

Female 880 27.4 806 24.5 320 12.7

Male 2327 72.6 2489 75.5 2195 87.3
BMI

<25 786 36.3 608 22.2 245 24.6

25-29.99 944 43.6 1191 43.6 455 45.7

30-34.99 307 14.2 657 24.0 201 20.2

35+ 130 6.0 278 10.2 95 9.5
Smoking status

No 889 40.9 1081 35.2 568 25.2

Yes 1284 59.1 1994 64.8 1686 74.8
Smoking pack-years

None 889 41.3 1081 43.6 568 30.1

<15 358 16.6 465 18.8 319 16.9

15-29 326 15.1 348 14.0 357 18.9

3044 273 12.7 279 11.3 308 16.3

45+ 309 14.3 306 12.3 335 17.8
Regular NSAID use

Never 814 44.0 1050 57.7 559 33.0

Ever 1038 56.0 770 42.3 1133 67.0
Weekly reflux/heartburn

No 1448 80.6 1058 47.2 965 53.0

Yes 349 19.4 1186 52.8 854 47.0

Numbers may not add to total due to missing data. NSAID, non-steroidal anti-inflammatory drug.
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Gene-level associations: BEACON GWAS data

To further localize the pathway-level signal, we applied the
PCA method at the gene level for individual IGF axis genes with
three or more SNPs. Among 10 eligible genes with >3 SNPs,
we found a significant association between variation in GHR
and risk of BE (P = 0.0022, FDR q = 0.022) (Table 3A). As a com-
plementary approach, utilizing SNP summary statistics from
the BEACON GWAS, we repeated gene-level analyses using
MAGMA (34,35). As in the PCA-based assessment, GHR was sig-
nificantly associated with risk of BE (P = 0.00046, q = 0.0056). At
FDR <0.1, a second significant signal was observed for IGFIR
(P = 0.0090, q = 0.054) (Table 3B), which also ranked second in
our PCA analysis (P = 0.078). Exploratory examination of gene-
level associations with risk of EAC revealed nominally signifi-
cant signals for IGF1 (P = 0.030) and IGFBP6 (0.048) using PCA,

Table 2. Pathway-level associations with risk of BE and EAC

BE EAC
Pathway Genes SNPs? PCs® Ppe PCsP pe
IGF 12 270 17 0.0015* 17 0.37

aNumber of SNPs selected for analysis.

"Number of pathway-level PCs included in logistic model.
“Likelihood ratio P value.

*Indicates a significant pathway level association.
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but these were lost after correcting for multiple comparisons
(FDR = 0.24) (Supplementary Table S3A). Significant (P < 0.05)
associations with risk of EAC were not observed using MAGMA
(Supplementary Table S3B).

Gene-level associations: GWAS meta-analysis data

To extend our analysis to a larger dataset, we acquired SNP
summary statistics from a GWAS meta-analysis (described
earlier) (9). Using MAGMA, we conducted gene-level analyses
with summary statistics for all available variants assigned to
each of the 12 IGF genes. Consistent with our previous results,
at FDR <0.1 we found significant gene-level associations for
GHR (P = 0.0097, q = 0.071) and IGFIR (P = 0.0176, q = 0.071) in re-
lation to risk of BE; a third signal was identified for IGFBP3 (P =
0.0135, g = 0.071) (Table 4). Significant (P < 0.05) gene-level asso-
ciations were not observed for EAC (Supplementary Table S4).

SNP-level associations and in silico functional
characterization

We examined odds ratios (ORs) and 95% confidence intervals
for the top 10 SNPs in GHR and IGF1R, ranked by GWAS meta-
analysis P value (Supplementary Table S5). The strongest
associations had ORs ranging between 0.42-2.69 for GHR
and 0.87-1.15 for IGFIR, using a per-allele additive model.
LocusZoom plots were assembled to visualize associations of
all analyzed meta-analysis SNPs in these genes (Figure 1). At
the GHR locus, 257 SNPs were nominally associated with risk

Table 3. Assessments of IGF gene-level associations with risk of BE using BEACON GWAS data via application of (A) PCA and (B) MAGMA

(A) PCA

Gene Gene name Chr SNPs? PCs® Pe FDR q¢
1 GHR Growth hormone receptor 5 39 3 0.0022 0.022
2 IGF1R IGF1 receptor 15 131 8 0.078 0.39
3 IGF2 IGF2 11 25 3 0.16 0.46
4 IGFBP6 IGF binding protein 6 12 6 3 0.18 0.46
5 IGFBP3 IGF binding protein 3 7 5 3 0.24 0.48
6 IGFBP5 IGF binding protein 5 2 16 3 0.32 0.50
7 IGFBP1 IGF binding protein 1 7 6 3 0.35 0.50
8 IGFBP2 IGF binding protein 2 2 8 3 0.47 0.59
9 IGF1 IGF1 12 25 3 0.62 0.62
10 IGFALS IGFBP acid labile subunit 16 4 3 0.62 0.62
(B) MAGMA

Gene Chr SNPs? pe FDR q¢
1 GHR 5 39 0.00046 0.0056
2 IGF1R 15 130f 0.0090 0.054
3 IGFBP5 2 16 0.12 0.44
4 IGF2 11 25 0.21 0.44
5 IGFBP3 7 5 0.21 0.44
6 IGFBP4 17 3 0.23 0.44
7 IGFBP6 12 6 0.26 0.44
8 GH1 17 2 0.40 0.59
9 IGFALS 16 4 0.51 0.65
10 IGFBP1 7 6 0.54 0.65
11 IGFBP2 2 8 0.69 0.75
12 IGF1 12 25 0.77 0.77

aNumber of SNPs per gene.

"Number of gene-level PCs included in the logistic regression model.
cLikelihood ratio P value.

dFalse discovery rate q value.

¢Gene-level P value.

fga012685 not included in 1000G Phase 3 EUR reference data.
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Table 4. Assessment of gene-level associations with risk of BE using
GWAS meta-analysis data via application of MAGMA

Gene Chr SNPs? P value® FDR g°
1 GHR 5 882 0.0097 0.071
2 IGFBP3 7 37 0.0135 0.071
3 IGF1R 15 1226 0.0176 0.071
4 GH1 17 27 0.09 0.26
5 IGFBP1 7 29 0.11 0.27
6 IGFBP4 17 51 0.22 0.44
7 IGF2 11 84 0.48 0.72
8 IGFBP5 2 87 0.48 0.72
9 IGF1 12 223 0.70 0.88
10 IGFBP6 12 18 0.83 0.88
11 IGFALS 16 58 0.87 0.88
12 IGFBP2 2 99 0.88 0.88

aNumber of SNPs per gene.
*Gene-level P value.
“False discovery rate q value.

of BE (P < 0.05). These variants were geographically scattered
across the region, with no visible peaks in signal strength,
suggesting that cumulative associations of multiple weak
signals may account for the observed gene-level association
(Figure 1A). The top GHR variants (P < 0.01) modify predicted
sequence motifs for several transcription factors, including
FOXP1, SOX, STAT and MEF2 (Supplementary Table S6A). We
also found evidence of enhancer histone marks in the im-
mediate vicinity of risk-associated SNPs, in the liver, which
is crucial to IGF axis function, particularly IGF1 synthesis.
None of the GHR SNPs remained significant at FDR q < 0.05. Of
interest, 155 of the 257 SNPs satisfying P < 0.05 are expression
quantitative trait loci (eQTLs) for GHR in tissues such as adi-
pose, skeletal muscle, heart, lung, pancreas and thyroid, based
on data from the Genotype-Tissue Expression Project (GTEXx)
(44). Of the 155, 47 are GHR eQTLs in esophageal muscularis;
at each of these eQTLs, the allele associated with reduced GHR
expression is also associated with reduced risk of BE, in our
GWAS data (data not shown). At the IGFIR locus, 144 SNPs in
the meta-analysis were nominally associated with risk of BE
(P <0.05), with 11 satisfying FDR q < 0.05. The most significant
signals were clustered at the 5" end of the locus (Figure 1B).
Several of these intronic variants modify predicted sequence
motifs for several transcription factors, including FOX, CTCF,
Nf-kappaB, STAT and EWSR1-FL1 (Supplementary Table S6B).
One SNP (rs4305005) exhibits particularly strong regulatory
potential, and is located in a conserved region marked by
DNAsel-hypersensitivity and enhancer histone modifications
in multiple tissues including stomach, with FOXA2/p300 pro-
tein occupancy reported in a liver cancer cell line (HepG2). Five
variants are GTEx eQTLs for IGF1R in non-esophageal tissues.

Assessment of gene-environment interactions and
mediation relationships

We assessed associations of GHR SNPs and IGFIR SNPs with BE
risk in subgroups stratified by individual BE/EAC risk factors,
using BEACON GWAS data. No statistically significant inter-
actions were noted for sex, smoking history (ever/never or
categories of pack-years), BMI categories (normal, overweight,
obese) or history of reflux, after FDR correction across all com-
parisons (data not shown). An interaction between one of the
top IGF1R risk SNPs (rs1319869) and BMI, however, did satisfy
FDR q < 0.1 when accounting for 131 IGFIR SNPs tested (P =

0.00067, FDR q = 0.088). We also evaluated effect modification by
two measures of central obesity, WC and WHR, in subsets of par-
ticipants with the relevant data. While nominally significant (P <
0.05) interactions were observed for certain GHR and IGF1R vari-
ants with WC/WHR, none remained significant after correction
for multiple comparisons (Supplementary Tables S7 and S8).

To investigate obesity as a potential mediator in the associ-
ation between IGF-related inherited variation and BE risk, we
first examined IGF variants (n = 270) in relation to obesity status
(BMI >30) among healthy controls in our study sample. Using lo-
gistic regression, we identified associations (P < 0.05) for 16 vari-
ants (1 GHR, 13 IGF1R, 1 IGFBP3 and 1 IGFBP6) (Supplementary
Table S9A). Next, among the subset of participants with available
BMI measurements, we assessed these 16 SNPs in relation to BE
risk, with or without adjustment for BMI. Six of the 16 variants
were associated with BE (P < 0.05) in the unadjusted analysis,
and resulting ORs were highly similar after inclusion of BMI in
logistic regression models (Supplementary Table S9B). At the
pathway level, we further evaluated the extent to which obesity-
associated variants might contribute to the observed risk asso-
ciation with BE, via a sensitivity analysis. After excluding the
16 obesity-associated SNPs from the pool of 270, we re-ran the
pathway-level PCA test and found that the resulting likelihood
ratio test P value (P = 0.0020) was only modestly attenuated com-
pared with that reported in Table 2 (P = 0.0015). Together, these
findings do not exclude a possible mediating role for obesity, but
indicate that potential genetic influences on obesity alone are
unlikely to account for the relationship between inherited vari-
ation in the core IGF axis and BE.

Discussion

Metabolic disturbances such as IGF axis dysfunction are hy-
pothesized to be involved in obesity-related cancers (15,16,18).
This study represents the first large consortium-based assess-
ment of germline genetic variation in the IGF pathway and in its
component genes with risks of BE and EAC. Through application
of complementary statistical approaches, we identified both
pathway-level and individual gene-level associations with risk
of BE. First, using BEACON GWAS data, we observed a significant
association between global variation in the IGF pathway and BE
risk. This association remained significant after correcting for
the previously examined five inflammatory pathways in our
earlier analysis (13). Subsequent gene-level examination further
resolved this pathway-level signal into gene-level associations
for GHR and IGF1R. These gene-based associations with BE risk
remained significant in an expanded GWAS meta-analysis
dataset, with an additional signal for IGFBP3. At each locus, we
further identified several non-coding risk-associated variants
with regulatory potential.

The GHR gene, located on the short arm of chromosome 5,
encodes the growth hormone receptor, a cell-surface receptor
found abundantly in liver, muscle and adipose tissues, among
others, in early embryonic life and after birth. The IGF1R gene,
located on the long arm of chromosome 15, encodes the insulin-
like growth factor 1 receptor, a cell-surface receptor highly ex-
pressed across many tissues (including the esophagus) (45). GHR
is located upstream in the IGF pathway, while IGF1R is a down-
stream effector. GH, synthesized in the pituitary and released
into circulation, binds to the extracellular region of GHR and
triggers IGF1 production. Secreted IGF1 binds to binding proteins
such as IGFBP3, which are cleaved off at target organ sites, even-
tually allowing free IGF1 to attach to IGF1R to stimulate cell pro-
liferation via RAS-RAF-MAP kinase, and survival and cell cycle
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Figure 1. LocusZoom plots for (A) GHR and (B) IGF1R SNPs in relation to BE risk (meta-analysis).

progression via PI3K/AKT and mTOR (46). Visceral adipose tissue
releases pro-inflammatory and procoagulant adipocytokines,
which can lead to IGF pathway dysfunction and insulin resist-
ance, particularly where the volume of adipose tissue is in-
creased, as in obesity (30). These changes may increase insulin
secretion and reduce IGFBP levels, ultimately elevating free IGF1,
which has been suggested to foster cell proliferation and con-
tribute to carcinogenesis (18,30).

Since BE is an established precursor for EAC, factors that
alter BE risk may change EAC predisposition. In this report, we
found evidence that pathway-level and gene-level IGF-related
genetic variation was significantly associated with risk of BE,
but not with risk of EAC. There are multiple possible reasons
for these findings. First, the sample size available for BE was
~30% larger than that for EAC, resulting in increased statistical
power in the analysis of BE versus EAC. Of interest, we did find
that EAC ORs obtained for multiple SNPs mapping to GHR and
IGF1R were directionally concordant with (but smaller in mag-
nitude than) ORs obtained in the BE analysis (Supplementary
Table S5B). With a larger sample of EAC cases, more of these
weak associations may have reached statistical significance.
Second, BE is a heterogeneous condition with respect to its pro-
pensity to progress to EAC, likely reflecting a complex interplay
between inherited genetics, somatic alterations and environ-
mental exposures. If a BE susceptibility variant were associated
with altered risk of indolent (but not aggressive) forms of BE, the
overall risk estimate for EAC could be attenuated in magnitude
relative to the risk estimate for BE. Third, past studies have also
estimated that common variant heritability for BE (h% = 35%) is
larger than for EAC (hZ = 25%) (8), suggesting a more substantial
overall role for inherited variation in the etiology of the pre-
cursor (BE) versus the cancer (EAC).

Visceral adiposity is a well-established risk factor for BE
and EAC. It is noteworthy that IGF axis abnormalities are com-
monly observed in obese individuals, and those with metabolic
syndrome (43,47,48), a condition recently linked to an elevated
risk of BE (but not EAC) (49). If IGF-related genetic variation as-
sociated with BE risk results in subtle downstream functional
alterations to this signaling axis, e.g. through changes in gene
expression of cell-surface receptors, such risk could be modified
by exposures which themselves interface biologically with the
IGF system. While our present analysis did not reveal convin-
cing evidence of gene-environment (G x E) interactions between

adiposity measures and IGF-related variants, more complete
ascertainment of WC/WHR is required in larger sample sizes
to reach firmer conclusions. While our study does not exclude
possible genetic influences on obesity by variants in the IGF
pathway, such effects appear unlikely alone to account for
the observed relationship between inherited variation in the
IGF axis and BE risk. Identification and characterization of G x
E interactions, coupled with assessment of the relationships
between BE risk SNPs and environmental factors, can provide
further insight into potential causal pathways which integrate
genetic and non-genetic inputs. It may also be of interest to
investigate interactions between IGF-related genetic variation
and additional relevant exposures such as nutritional intake
and physical activity, as well as studies of the degree to which
gastroesophageal reflux conveys the increased obesity risk
for BE.

Few studies have examined genetic variation in the IGF axis
in relation to BE/EAC susceptibility. A case—control study of 102
SNPs in and around seven IGF-related genes—IGF1, IGF2, IGF1R,
IGFBP3, GH1, GH2 and GHR—using a sample of ~500 BE/EAC
cases and ~250 controls (32), found one GHR variant (rs6898743)
associated with reduced risk of EAC, and one IGF1 variant
(rs6214) associated with reduced risk of BE (32). Gene-level
and pathway-level analyses were not performed. In our larger
GWAS meta-analysis dataset, neither rs6898743 nor rs6214
was associated with BE or EAC risk (P > 0.2). In another case-
control study of 431 participants, obese individuals with the
polymorphic A-variant at G1013A in IGF1R were found to have
increased risk of BE and EAC (50). In our GWAS meta-analysis
data, this variant (rs2229765) was not associated (P > 0.2) with
either BE or EAC.

IGF axis gene variants have been associated with risks of
several other cancers including lung, breast, colorectal, prostate
and ovary (21-24). Most notably, a lung cancer GWAS reported
11 risk-associated SNPs in genes encoding components of the
GH-IGF pathway, including GHR (rs6183, minor allele frequency
=0.001, OR =12.98, P = 0.0019) (51). Candidate gene studies in the
past have also described associations between polymorphisms
in IGF component genes such as IGF1R, IGF1 and IGFBP-3 and
risks of breast, prostate and colorectal cancers (52-54). Of
interest, mutations in GHR observed in Laron syndrome, leading
to GH insensitivity and IGF1 deficiency, have been linked to re-
duced risks of various cancers (55).
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The present study has several strengths. First, our analysis
made use of the largest BE/EAC GWAS dataset currently avail-
able, providing a sample size ~20-fold higher than that used in
previous studies, and thus greater power to detect genetic as-
sociations. Second, we employed two complementary statistical
methods, PCA and MAGMA, to aggregate signals from multiple
variants at the gene and pathway levels and determine joint
relationships with BE/EAC risk. In reducing data dimension-
ality and the number of required statistical comparisons, these
methods boost power and help focus association evaluation on
blocks of the genome with suspected biological relevance to
the disease of interest. Both approaches yielded GHR as the top
gene-level signal. MAGMA, which can be applied to SNP sum-
mary statistics, enabled us to leverage summary data from a re-
cent GWAS meta-analysis and extend our gene-level evaluation
to a considerably larger study sample, yielding similar findings.

This study also has certain limitations. First, given the overlap
in study participants between the GWAS meta-analysis and the
BEACON GWAS, gene-level associations reported here will re-
quire formal validation using additional independent datasets.
Second, the assessment of gene-environment interactions was
limited by a substantial amount of missing or unavailable data
for pertinent risk factors such as history of reflux, non-steroidal
anti-inflammatory drug use and obesity, which reduced statis-
tical power and interpretability. Since visceral obesity, in par-
ticular, appears linked to risk of BE and EAC, WC/WHR represent
the optimal measures for evaluating interactions, rather than
BMI, but were only available for small subsets of BEACON parti-
cipants. Third, in focusing on common genetic polymorphisms
in and around 12 core genes in the IGF pathway, our analysis did
not account for rare variants or variation within distal regula-
tory elements relevant to IGF axis function. Fourth, while there
is some correlative evidence that GHR and IGF1R variants may
influence mRNA expression levels, experimental studies will be
needed in the future to establish projected causal linkages be-
tween such variants and altered gene expression.

In conclusion, using complementary approaches and large
well-annotated GWAS datasets, we report novel associations be-
tween genetic variation in GHR and IGF1R and risk of BE, while
no associations with EAC were revealed. Additional studies are
required to validate these findings in even larger, more diverse
cohorts; comprehensively investigate gene-environment inter-
actions; and determine whether, and to what extent, genetic
modulation of IGF pathway component gene expression may
contribute to the etiology of BE.

Supplementary material

Supplementary data are available at Carcinogenesis online.
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