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Abstract

Esophageal adenocarcinoma (EA) incidence has risen sharply in Western countries over recent decades.
Local and systemic inflammation, operating downstream of disease-associated exposures, is considered
an important contributor to EA pathogenesis. Several risk factors have been identified for EA and its
precursor, Barrett's esophagus (BE), including symptomatic reflux, obesity, and smoking. The role of
inherited genetic susceptibility remains actively investigated. To explore whether germline variation
related to inflammatory processes influences susceptibility to BE/EA, we used data from a genome-wide
association study (GWAS) of 2,515 EA cases, 3,295 BE cases, and 3,207 controls. Our analysis included
7,863 single nucleotide polymorphisms (SNPs) in 449 genes assigned to five pathways: cyclooxygenase
(COX), cytokine signaling, oxidative stress, human leukocyte antigen, and NFkB. A novel analytic
framework, termed telescoping principal components analysis (ts-PCA), was employed to evaluate
pathway-level and gene-level associations with disease risk. We identified a significant signal for variation
in the COX pathway in relation to BE risk (P=0.0059, FDR gq=0.03), and in gene-level analyses found an
association with MGST1 (microsomal glutathione-S-transferase 1; P=0.0005, q=0.005). Assessment of 36
MGST1 SNPs identified 14 variants associated with elevated BE risk (q<0.05). Of these, four variants
were subsequently confirmed (P<10) in a meta-analysis encompassing an independent set of 1,851 BE
cases and 3,496 controls. Three of these SNPs (rs3852575, rs73112090, rs4149204) were associated
with similar elevations in EA risk. This study provides the most comprehensive evaluation to date of
inflammation-related germline variation in relation to risk of BE/EA, and suggests that variants in MGST1

influence disease susceptibility.



Introduction

The incidence of esophageal adenocarcinoma (EA) has risen rapidly over recent decades in
Western countries [1, 2, 3, 4, 5]. EA typically arises within a metaplastic precursor epithelium known as
Barrett's esophagus (BE) [6, 7]. Established risk factors for EA and BE include symptomatic
gastroesophageal reflux disease (GERD), abdominal adiposity, tobacco smoking, European ancestry,
and male sex [7, 8, 9, 10]. A prevailing conceptual model has linked chronic inflammation and genomic
instability to EA pathogenesis [7]. Several exposures associated with elevated disease risk, such as
reflux, obesity, and smoking, increase levels of local and systemic inflammation, while use of non-
steroidal anti-inflammatory drugs (NSAIDs) and statins (which may have anti-inflammatory properties),
has been associated with reduced risk [11, 12, 13]. It remains poorly understood, however, whether and
to what extent inherited genetic variation in specific genes and pathways implicated in inflammatory
signaling may modulate disease susceptibility and interact with these established risk factors.

A biologic link between chronic inflammation and cancer risk has long been appreciated [14, 15,
16]. Inflammation may act at multiple stages of disease development to disrupt tissue homeostasis,
induce aberrant proliferative responses, modulate the tumor microenvironment, and compromise immune
surveillance [17, 18, 19, 20, 21]. Inflammatory physiological changes such as oxidative stress are known
to exert downstream genotoxic effects [22], and when sustained over extended periods, can promote the
emergence of cancer-initiating mutations. In the esophagus, long-term exposure to gastric acid or bile
salts results in the release of pro-inflammatory cytokines (eg, interleukin-8), activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) and cyclooxygenase-2 (COX2), alterations in
gene expression, and direct tissue damage to the squamous epithelium [23, 24, 25, 26, 27]. Cigarette
smoking can also expose the esophagus to deleterious toxins while simultaneously inducing systemic
inflammatory responses based on activation of cytokine signaling, NFxB activation, and COX pathway
stimulation [28, 29, 30]. Abdominal adiposity and obesity have been associated with elevated circulating
levels of pro-inflammatory mediators such as tumor necrosis factor-a (TNFa), C-reactive protein (CRP),
interleukin-6 (IL-6), and leptin [31, 32, 33]. These elevated inflammation markers are likely consequences
of adipose tissue inflammation. Inflammation may therefore sustain pathogenesis at several points and

through multiple pathways, from development of early lesions through cancer progression.



Recent large-scale GWAS have provided the most comprehensive assessments to date of
inherited genetic susceptibility to BE and EA [34, 35, 36, 37, 38]. Novel associations have been identified
with variants in or near several transcription factors implicated in embryonic esophageal development, a
transcriptional co-activator, and the human leukocyte antigen (HLA) region. It remains likely, however,
that additional loci that did not satisfy the commonly-used, stringent statistical threshold (p<5x10-%) may
be involved in modifying disease risk. In this regard, pathway-based analytic methods can offer significant
advantages over conventional genome-wide analyses. Pathway approaches simultaneously reduce the
number of statistical comparisons and increase power by aggregating large numbers of low-magnitude
signals [39]; importantly, such methods allow for the systematic analysis of coherent biological processes
most likely to be implicated in disease etiology.

Given the central role of inflammation in BE and EA pathogenesis, we examined genetic variation
in five inflammation-related pathways—COX, cytokine signaling, oxidative stress, HLA, and NFkB—based
on a novel principal components-based pathway analysis framework. Using genotyping data from the
International Barrett's Esophagus and Adenocarcinoma Consortium (BEACON) GWAS of 2,515 EA
cases, 3,295 BE cases, and 3,207 controls, we selected a total of 7,863 SNPs in 449 genes and
assessed associations with risks of BE and EA in a pre-specified tiered fashion, first at the pathway level,

next at the gene level, and ultimately at the SNP level.

Methods
Study population and SNP genotyping

The BEACON GWAS included men and women diagnosed with EA or BE, and control
participants pooled from 14 individual studies conducted in Western Europe, Australia, and North America
over the past 20 years. Detailed study population characteristics and genotyping protocols have been
published [34]. The current analysis employed a pooled dataset [40] that included participants of
European ancestry from the BEACON GWAS, additional BE and EA patients from the UK Barrett’s
Esophagus Gene Study and the UK Stomach and Oesophageal Cancer Study (SOCS), respectively [34],
and additional control participants from a hospital-based case-control study of melanoma conducted at

the MD Anderson Cancer Center (Houston, TX) [41]. Genotyping of buffy coat or whole blood DNA from



all participants was conducted using the lllumina OmnilM Quad platform, in accordance with standard
quality control procedures [42]. All participants gave written informed consent, and this project was
approved by the ethics review board of the Fred Hutchinson Cancer Research Center. We selected all
unrelated participants with <2% missing genotyping calls; thus the final study sample included 2,515 EA
cases, 3,295 BE cases, and 3,207 controls. Three control participants were excluded from analyses

involving BE cases, because of familial relation to cases.

Selection of genes in inflammation-related pathways

Five pathways implicated in chronic inflammation were selected for analysis: 1) cyclooxygenase
(COX) (n=40 genes), 2) pro- and anti-inflammatory cytokines (n=198 genes), 3) oxidative stress (n=117
genes), 4) HLA (32 genes), and 5) NF-kB (n=125 genes). Selected genes in each of these pathways
(Table S1) were identified based on an extensive survey of the prior literature on inflammation in cancer
biology [17, 21, 43, 44] and as described in public databases (eg. KEGG, Biocarta). Our choices were
further informed by recent papers focused on inflammation in laboratory-based studies of esophageal

pathogenesis [45, 46, 47, 48, 49], clinical series [50, 51, 52], and epidemiologic studies [53, 54, 55, 56].

SNP selection

SNPs selected for this study are located in or near (+/- 2.0 kilobases) the genes chosen for
analysis. We excluded from consideration SNPs that failed Illumina quality measures or standard quality
control procedures [42]. Specifically, SNPs were excluded if any of the following criteria were satisfied: i)
Illumina GenTrain score < 0.6 or cluster separation < 0.4; ii) >5% missing call rate over included samples;
iii) discordant genotype calls in any pair of duplicate study samples; iv) Mendelian error in either one of
the HapMap QC trios or the small number of families identified in the BEACON data,; v) significant
departure from Hardy-Weinberg Equilibrium (P<10-4); and vi) minor allele frequency (MAF) < 1%.
Imputation of missing values for genotyped SNPs was conducted using SHAPEIT [57]. After imposing the
above filters, we identified all available Omni1lM SNPs located within the selected genes of each
inflammation-related pathway. Segments of 2.0 kilobases of flanking sequence proximal to the gene start

sites and distal to the 3'UTRs were also included, based on gene boundaries defined in hg19/GRChB37.



No OmnilM SNPs were available for 16 genes initially selected (cytokines: n=14, oxidative stress: n=2)

(Table S1). Minor and major alleles were reported throughout using the ‘plus’ strand designation.

Statistical analysis

We examined each of the five inflammation-related pathways using a new approach involving
principal components analysis (PCA). We first constructed a genotype matrix comprising all SNPs
assigned to the indicated pathway, inclusive of case patients of the selected type (BE or EA) and all
control participants. Individual SNP variables, coded as 0, 1, or 2 minor alleles, were first standardized
across participants to have a mean of zero and standard deviation (SD) of 1. The first N principal
components (PCs) that captured 250% of the genotypic variance of the pathway were selected.
Association between a given pathway and risk of BE or EA was assessed using the likelihood ratio test
(LRT). Two logistic regression models were compared: i) a full model containing N pathway-level PCs
(PCu1p...PCnp), age, sex, and the first four PCs derived from ancestry-informative markers (AIM) to
account for population stratification (PC1,am-PCaam) [40]; and ii) a reduced model containing only age,
sex and PC1am-PCasam. HLA loci were excluded from the set of ancestry-informative markers, as
described previously [34]. We selected pathways for which the resulting LRT P value was <0.05, after
correction for multiple comparisons (n=5) via the false discovery rate method (FDR) [58].

To prioritize genes within a selected pathway for further analysis at the gene level, we examined
SNP loading factors within the first pathway-level principal component (PC1,p). SNPs within PC1,, were
rank-ordered by the absolute values of their loading coefficients. The first ten genes represented by these
rank-ordered SNPs were advanced to gene-level analysis. PCA was conducted for each of these genes
using a genotype matrix comprised of all SNPs assigned to the indicated gene; the top three PCs were
selected, or the top N PCs, if >3 were required to capture 250% of the genotypic variance. Association
between a given gene and risk of BE or EA was assessed as above using the LRT, comparing i) a full
model inclusive of the selected gene-level PCs (PC14-PCnyg), age, sex, and PC1am-PCaam; and ii) a
nested reduced model containing age, sex, and PC1am-PCasam. Multiple comparisons (n=10) were

accounted for via the FDR method.



Genes satisfying FDR <0.05 were selected for additional analysis at the SNP level.
Unconditional logistic regression was used to compute odds ratios (ORs) for risk of EA or BE associated
with a given SNP variant, under an additive model (per-allele) with adjustment for age, sex, and PC1 am-
PCa.am, and correcting for multiple comparisons via the FDR method. Observed associations were
visualized graphically using LocusZoom [59].

We also investigated whether the association between allelic variation in selected SNPs and risk
of BE or EA varied by exposure to key risk factors which can promote inflammation (symptomatic reflux,
high body mass index (BMI, kg/m?2), and cigarette smoking) or inhibit inflammation (use of NSAIDSs).
These analyses used a subset of the overall study population for which such exposure data were
presently available; BE/EA case patients from the UK, and control participants from MD Anderson,
described previously, were excluded. Reflux symptoms, BMI, smoking history, and NSAID use were
defined categorically in stratified analyses (reflux: 2weekly symptoms yes or no; BMI: <25, 25-29, 30-34,
or 35+; smoking: ever or never, or pack-years: 0, >0 & <15, 15-29, 30-44, or 45+; NSAID use: ever or
never). Pack-year smoking history and BMI were modeled as continuous covariates in tests for
interaction. Nested logistic regression models were compared by the likelihood ratio test to full models
additionally containing an interaction term. We also derived a composite “inflammation score” using factor
analysis [60], based on BMI (<25, 25-<30, or 30+), weekly GERD symptoms (yes or no), and ever
smoking (yes or no). A single factor was retained and the individual factor score for each participant was
estimated based on BMI, history of GERD symptoms and smoking status, and the factor loadings for
each variable. In stratified analyses, the continuous “inflammation score” was categorized into three
levels (low, medium, or high) based on tertile cutoffs among control participants. Possible interactions
with the continuous score and selected SNPs were examined as above. Statistical analyses were
conducted using STATA/SE version 14 (College Station, TX).

An independent dataset comprised of 1,851 BE patients and 3,496 control participants from the
U.K., described previously [35], was used for validation studies. Genotyping was performed on the
lllumina Human 660W-Quad and Human 1.2M-Duo array platforms. Summary statistics for the

associations of 13 genotyped SNPs at the MGST1 locus and risk of BE were extracted and used in a



subsequent meta-analysis based on the inverse-variance weighting method [61]. Validation analyses

were conducted in R v3.2.1

Results

Characteristics of study participants

The distributions of demographic and behavioral characteristics among control participants, BE
case patients, and EA case patients are shown in Table 1. EA cases were somewhat older and more
often male relative to controls and BE cases. The percentage reporting ever having smoked cigarettes
was higher among BE and EA cases than among controls, and heavy smoking (45+ pack years) was
more prevalent among EA cases. Obesity (BMI 30+) and weekly reported reflux or heartburn were more
prevalent among BE and EA cases than among controls. NSAID use appeared similar across the three
groups. Relative to controls, a substantially higher percentage of participants with BE and EA were
classified as having a high composite “inflammation score”, based on BMI, smoking history, and reflux

symptoms.

Pathway-level associations with risk of BE or EA

To obtain a top-level, global assessment of the association between germline variation within five
selected inflammation-related pathways (COX, cytokine signaling, oxidative stress, HLA, and NF«xB) and
risk of BE or EA, we employed a PCA-based approach (Figure 1). Based on logistic regression analyses
that incorporated a subset of the derived principal components as predictor variables and assessed
associations with disease risk, we identified a single significant (P<0.05) pathway-level signal for risk of
BE: the COX pathway (P=0.006) (Table 2). This association remained significant after accounting for
multiple comparisons (FDR g=0.03). None of the five pathways examined were found to be associated

(P<0.05) with risk of EA.

Gene-level associations with risk of BE



The observed association between variation in the COX pathway and risk of BE could reflect the
summation of a large number of small, distributed signals across many genes, or represent relatively
concentrated signals in a single or small number of genes. To evaluate these possibilities and determine
whether or not individual COX pathway-related genes in particular might account for the identified
association, we undertook gene-level analyses using the same PCA framework used at the pathway level
(Figure 1). Of the 40 genes assigned to the COX pathway, we prioritized 10 for further analysis, based on
their contribution to the overall pathway-level genotypic variance, as reflected in rank-ordered SNP
loading coefficients in the first principal component. Among these 10 genes assessed for associations
with risk of BE (Table 3), only a single gene exhibited a significant signal: microsomal glutathione S-
transferase 1 (MGST1) (P=0.0005). This association remained significant after correction for multiple
comparisons (FDR g=0.005). A borderline-significant (P=0.07) association was also observed for gene-

level variation in MGST1 and risk of EA (Table S2).

SNP-level associations with risk of BE

Individual SNPs located within or in proximity to (+ 2.0 kb) the MGST1 locus were assessed for
associations with risk of BE. Among 36 such variants examined, 23 were found to exhibit a nominally
significant (P<0.05) signal. 14 of these 23 remained significant after correction for (n=36) multiple
comparisons (FDR g<0.05) (Table 4). The minor alleles at all 14 SNPs were associated with elevated
disease risk, with ORs ranging in magnitude from 1.10-1.38. The most significant association was for
rs4149203 C>T (OR=1.16, P=9.0 x 105, g=0.001). A LocusZoom plot of the 36 assessed SNPs revealed
a cluster of six nearby variants in high linkage disequilibrium (LD, r2>0.8) with rs4149203 (Figure 2). A
second cluster of six SNPs satisfying FDR g<0.05 was situated at the 5’ end of the MGST1 locus (Figure
S2); modest to moderate LD was observed between rs2239676, the top-ranked SNP in this region, and
the other five variants in close proximity. Based on data from the NIH Roadmap Epigenome Project [62],
three of these 5’ polymorphisms — rs2239676, rs2239677, and rs2975138 — lie within a 1.2-kilobase
segment that spans the MGST1 transcriptional start site and is characterized by active chromatin marks

in esophageal tissue (Figure S3). Among the 14 significant susceptibility signals identified for BE, 11
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were associated with risk of EA (P<0.05). Eight of these 11 remained significant after adjustment for

multiple comparisons (g<0.05), with observed ORs ranging from 1.10 to 1.17 (Table S3).

Assessment of top MGST1 SNPs and risk of BE in an independent study sample

We next evaluated whether any of the 14 MGST1 variants associated with risk of BE in our
primary analysis were similarly associated with altered BE risk in a large, independent sample set from
the U.K. comprised of 1,851 BE patients and 3,496 control participants. 13 of the 14 SNPs were available
for analysis, and of these, four variants exhibited borderline-significant (P<0.10) associations with BE:
rs3852575, rs4149204, rs7312090, rs4149203 (Table 5). Odds ratios for these SNPs were similar to
those obtained in the primary analysis, though slightly reduced in magnitude (1.08 versus 1.16). In a
subsequent meta-analysis, the P values for all four of these variants were highly significant (P<104), with

an additional six SNPs satisfying P<0.05.

Expression quantitative trait locus (eQTL) analysis

To explore whether or not any of the 14 individual MGST1 SNPs in Table 4 may also be
correlated with altered MGST1 RNA expression levels in the esophagus, we conducted in silico eQTL
analyses using the Genotype-Tissue Expression (GTEX) database [63]. Of the 13 SNPs with available
genotyping and expression data in esophageal mucosa, two variants were associated (P<0.05) with
differential MGST1 expression: rs4149186 A>C (P=7.9 x 10%) and rs2975138 G>A (P=1.20 x 107) (Table
S4). A third variant, rs4149203 C>T, reached borderline significance (P=0.074). For each of these SNPs,
the allele found to be associated with increased risk of BE was also correlated with reduced expression of

MGST1 (Figure S1).

Assessment of gene-environment interactions
We next conducted stratified analyses and evaluated interactions between several risk factors for
BE/EA (smoking, obesity, reflux, and NSAID use) and the top MGST1 variants (q<0.01) associated with

risk of BE. No statistically significant interactions were observed (Table S5).
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Discussion

Chronic inflammation may occur as a result of multiple exposures established as risk factors for
BE and EA (gastroesophageal reflux, obesity, smoking) and is thought to represent a common pathway
underlying the emergence and progression of these conditions [7] and new reference Tselepis. This study
represents the first systematic examination of the relationship between germline genetic variation in
inflammation-related pathways—COX, cytokine signaling, oxidative stress, HLA, and NFkB—and risks of
BE and EA, using a novel principal components-based analytic framework (ts-PCA). Drawing on genetic
data from a large consortium-based GWAS [34], we found a significant association between variation in
the COX pathway and risk of BE, and identified a gene-level signal for MGST1. SNP-level analyses
identified 14 individual MGST1 variants associated with elevated disease risk, including several intronic
variants that were subsequently confirmed (P<10) in a meta-analysis encompassing a large independent
sample set of additional BE cases and controls.

MGST1 is one of three microsomal glutathione S-transferase (GST) enzymes in humans, and
belongs to a larger GST gene family encoding a number of proteins responsible for neutralizing oxidative
stress through conjugation of endogenous and xenobiotic lipophilic electrophiles with glutathione [64, 65,
66]. MGST1 shares ~40% sequence homology at the amino acid level with prostaglandin E synthase
(PTGES, formerly MGST1L1), a key enzyme that acts downstream of cyclooxygenases to catalyze the
production of PGE2 from PGH2 [67]. MGST1-3 and PTGES all belong to the “MAPEG” super-family of
membrane-associated proteins in eicosanoid and glutathione metabolism. Microsomal GST1 is localized
to the endoplasmic reticulum and outer mitochondrial membrane, and plays an important role in
suppressing lipid peroxidation and protecting mitochondrial integrity [65]. Multiple alternatively spliced
transcripts arise from the MGST1 gene locus, and the MGST1 promoter region has been shown to be
transcriptionally responsive to oxidative stress [64]. Some evidence exists for an association between
genetic variation in the MGST1 gene and altered risk of colorectal cancer in Han Chinese [68].

The 14 MGST1 SNPs found to be associated with risk of BE in our primary analysis were
geographically clustered into two main groups, one at the 3’ end of the gene, and the other at the 5’ end,
and may reflect two (or more) independent signals. The most significant association was for rs4149203

C>T, a 3’ intronic variant in strong LD with the six other associated 3' SNPs (r2>0.8). Four of these seven
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SNPs, including rs4149203, were confirmed in the meta-analysis phase of our validation studies. These
variants lie in a region defined by enhancer histone marks, and modify predicted sequence maotifs for
several transcription factors (eg. POU5SF1, SOX, BRCAL, FOXP1; Table S6) [69]. Of interest, FOXP1 was
identified as a susceptibility locus for EA in our previous report [34], and recently replicated in an
independent study [38]. Published eQTL data from a study of gene expression in various brain regions
indicated that rs4149203 (and correlated SNPs) may be associated with altered MGST1 expression in
cerebellum [69, 70]. Proximity of several of these variants to an MGST1 splice junction also suggests a
potential influence on (alternative) splicing regulation.

At the 5’ end of MGST1, rs2239676 C>G was the top signal identified among a cluster of six
variants associated with BE risk. Three of these variants lie in close proximity to the MGST1
transcriptional start site, within a region characterized as active chromatin in esophageal tissue;
recruitment of Pol Il and several transcription factors (eg, Heyl, MYC/MAX) has been reported [62]. Our
in silico eQTL analyses based on data from the GTEx project indicated that rs2975138 G>A and
rs4149186 A>C, in particular, correlate with reduced MGST1 expression in esophageal mucosa. The
rs2975138 variant modifies predicted motifs for estrogen receptor-alpha, Pax5, and Zfx, while rs4149186
alters recognition sequences for FoxA, FoxJ2, and Nkx2, among other regulators [69]. Given that these
variants failed to validate in the Oxford (U.K.) dataset, however, their association with BE risk remains
guestionable. As a further qualification, we note that GTEx eQTL analyses appear to have been
conducted using normal esophageal squamous epithelium, which based on emerging findings, may not in
fact be the tissue of origin for Barrett's epithelium [71, 72].

The findings described above suggest that several of the identified variants may play a role in
influencing MGST1 RNA expression levels. Additional studies, however, are warranted to investigate
potential relationships between selected variants and altered tissue-specific MGST1 expression, and to
explore a possible causal basis for the observed genetic associations. Since BE and EA often arise within
an epithelium chronically exposed to refluxate and to cigarette-associated toxins (ie. associated with
inflammation), it would be of interest to determine experimentally whether MGST1 plays a protective role

in counteracting such insults and maintaining tissue homeostasis.
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Given that BE is the only known precursor of EA, one expectation is that risk factors linked to
altered risk of BE would be associated with similar alterations in risk of EA. In this study, variation in the
COX pathway as a whole met the threshold for significance in relation to risk of BE, but not EA. Our
subsequent analyses, however, revealed that a number of the individual MGST1 SNPs found to be
associated with risk of BE did in fact exhibit similar associations with risk of EA (Table S3). With respect
to top SNP-level signals, the associated ORs for EA were in the same direction as, and of comparable
magnitude to, those observed for BE. This strong level of concordance suggests that the identified
variants, if causal, may influence disease risk primarily at the level of BE, rather than progression from BE
to EA.

Genes in our analysis assigned to the COX pathway included those coding for the two COX
enzymes, prostaglandin and thromboxane synthases and receptors, aldo-keto reductases, peroxisome
proliferator-activated receptors (PPAR), matrix metallopeptidases, microsomal glutathione S-transferases,
and a small assortment of growth factors (VEGF) and interleukins or interleukin receptors. Previous
candidate gene-based studies have reported associations between germline variation in PTGS2 (COX-2)
and altered risk of EA [73, 74], while independent epidemiologic evidence has supported an inverse
association between use of NSAIDs (inhibitors of COX-1 and COX-2 activity) and risk of EA [11, 12]. Our
gene-level and SNP-level analyses did not include all genes assigned to the COX pathway (e.g. PTGS2),
as only a limited subset were advanced for further study based on pre-specified selection criteria (the top
10 genes in PC1, see Table 3). It remains a possibility, therefore, that associations of disease risk with
variation in other COX pathway genes may be evident in our dataset, and contribute in part to the
observed pathway-level signal.

One of the main strengths of our study was the use of a PCA framework to assess pathway-level
and gene-level associations between germline genetic variation and risk of BE or EA. PCA is an effective
strategy to reduce data dimensionality. In this report, we adapted PCA to genetic pathway or gene
analysis, and designed a hierarchical strategy, which we call “telescoping (ts)-PCA”, to identify genetic
variants associated with traits. Application of ts-PCA to GWAS data offered key advantages over
conventional marginal analyses that are based exclusively on evaluation of individual SNPs. First, by

aggregating signals across multiple genes (of a given pathway) or across multiple SNPs (of a given
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gene), the PCA method increased our ability to detect associations characterized by multiple,
independent, distributed low-magnitude signals. Second, by reducing the dimensionality of the genotype
matrix, PCA appreciably reduced the number of multiple comparisons and effectively increased our
statistical power. Our tiered analysis plan further specified that only (a subset of) genes within significant
pathways were assessed at the gene level, and only variants within significant genes were evaluated at
the SNP level.

Another important strength was the use of pooled data from the BEACON GWAS, which provided
the largest sample size to date in the evaluation of inflammation-related germline variation and risks of EA
and BE. As a consequence of analyzing both BE and EA, we had the opportunity to compare genetic
variation associated with risk of a heoplastic precursor lesion and the cancer that arises from it. The
availability of linked epidemiologic data for smoking history, BMI, reflux, and NSAID use further allowed
for exploratory evaluation of gene-environment interactions. Our assessment of 7,863 SNPs in 449 genes
assigned to five pathways significantly expands past candidate gene-based efforts to examine genetic
variation in inflammation-related loci in relation to risk of EA and BE.

This study also had certain limitations. First, while our tiered analysis scheme enabled us to
restrict the number of comparisons and boost statistical power, it also narrowed the scope of our analysis
and potentially resulted in missed association signals. Variation in four of the five included pathways was
not examined at the gene or SNP level, while only 25% of the genes in the COX pathway were advanced
beyond pathway-level assessment. Second, given the hierarchical nature of our statistical analysis,
whereby we first assessed significance at the pathway level, and then proceeded to the gene level only
for ‘significant’ pathways, the initial P values obtained for individual genes, and subsequently for individual
SNPs, should be interpreted as the P values conditional on that pathway (or gene) already being
selected, i.e., P(A|B), where B represents the event that a pathway (or gene) is selected, and A
represents the event that a gene (or SNP) is significant. This conditional probability framework was well
suited to our use of ts-PCA as a discovery-phase approach for identifying potential novel association
signals, which were then subsequently confirmed in an independent sample set. Third, missing data for
smoking, obesity, reflux, and NSAID use in a sizable fraction of participants reduced our statistical power

to evaluate gene-environment interactions (Table S7). Most of the missing data for these covariates
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resulted from study questionnaires not including questions related to these exposures. Further analyses
in expanded sample sets are essential, particularly in light of a recent study of colorectal cancer risk
describing a genome-wide significant interaction between a variant located ~900 kb downstream from the
MGST1 locus and aspirin or NSAID use [75]. Fourth, while our study provided broad coverage of several
major biological pathways of probable relevance to BE/EA, it is almost certain that a number of important
genes or genomic loci were not included. Cytokine signaling, NFkB activity, and oxidative stress, for
example, represent complex processes likely influenced by many hundreds or more gene products and a
large number of intergenic loci harboring both enhancer/insulator transcriptional elements and non-coding
RNAs. The present analysis, however, was largely restricted to examining common germline variants
located within or in close (2.0-kb) proximity to defined protein-coding genes.

In conclusion, our study represents the most comprehensive evaluation to date of inflammation-
related inherited genetic variation in relation to risk of BE and EA. Using a PCA framework for pathway-
level and gene-level analyses, we describe evidence for novel associations between variation at the
MGST1 locus and increased disease risk. It appears possible that certain associated variants may act to
influence expression levels of MGST1, a gene with known roles in the cellular response to oxidative
stress. Pending further validation in additional study populations, future studies are warranted to fine-map
the identified association signals, assess experimentally the functional effects of these variants, and

explore the biological role of MGST1 in BE/EA pathogenesis.
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Table 1. Study participant characteristics’.

Age (years)
<50
50-59
60-69
70+

Sex
Female
Male

BMI
<25
25-29.99
30-34.99
35+

Smoking status
No
Yes

Smoking (p-y)?
None
<15
15-29
30-44
45+

NSAID use
Never
Ever

Heartburn/reflux®
No
Yes

Inflammation score
Low
Medium

High

Controls?
(n=3207)

N

726
885
963
633

880
2327

786
944
307
130

889
1284

889
358
326
273
309

814
1038

1448
349

818
381
571

%

22.6
27.6
30.0
19.7

27.4
72.6

36.3
43.6
14.2

6.0

40.9
590.1

41.3
16.6
151
12.7
14.3

44.0
56.0

80.6
19.4

46.2
215
32.3

BE

(n=3295)

N

449
780
1011
1048

806
2489

425
882
521
230

798
1570

798
320
232
198
244

503
672

957
996

235
262
1143

%

13.7
23.7
30.7
31.9

24.5
75.5

20.7
42.9
25.3
11.2

33.7
66.3

44.5
17.9
12.9
11.0
13.6

42.8
57.2

49.0
51.0

14.3
16.0
69.7

EA

(n=2515)

N

189
547
884
875

320
2195

245
455
201

95

348
1062

348
156
160
173
225

381
444

563
438

142
137
400

%

7.6
21.9
35.4
35.1

12.7
87.3

24.6
45.7
20.2

9.5

24.7
75.3

32.8
14.7
151
16.3
21.2

46.2
53.8

56.2
43.8

20.9
20.2
58.9

TNumbers do not add to total subjects due to missing data; #3 participants were excluded from the control group for

comparison to BE case patients due to relatedness; 2Pack-years, "Weekly symptoms
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Figure 1. Overview of principal components-based method for pathway-level and gene-level
association analyses.
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Select significant genes for SNP-level
association analyses
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Table 2. Assessment of pathway-level associations with risk of Barrett’s esophagus (BE) or
esophageal adenocarcinoma (EA).

BE EA
Pathway Genes Variants? PCsP P q¢ PCsP P q¢
COX 40 1241 40 0.006 0.03 40 0.20 0.60
Cytokines 184 2622 110 0.10 0.21 109 0.28 0.60
Oxidative stress 115 1958 73 013 0.21 73 0.58 0.60
Immune/HLA 32 1036 10 059 0.74 10 0.60 0.60
NFxB 125 1681 110 0.84 0.84 109 0.42 0.60

aTotal number of single nucleotide polymorphisms (SNPs) selected for analysis; °Pathway-level principal components

(PCs) included in the logistic regression model; cLikelihood ratio P value; 9False discovery rate (FDR) q value.
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Table 3. Assessment of first 10 gene-level associations with risk of BE.

© 00 N O o WN P

Ay
o

Gene
MGST1
PTGER3
PPARG
TBXAS1
IL12RB2
CYP19A1
MMP2
PPARA
MGST?2
PTGES

Variants?
Microsomal glutathione S-transferase 1 36
Prostaglandin E receptor 3 (subtype EP3) 185
Peroxisome proliferator-activated receptor gamma 121
Thromboxane A synthase 1 (platelet) 176
Interleukin 12 receptor, beta 2 29
Cytochrome P450, family 19, subfamily A, polypeptide 1 50
Matrix metallopeptidase 2 25
Peroxisome proliferator-activated receptor alpha 54
Microsomal glutathione S-transferase 2 57
Prostaglandin E synthase 11

PCsP

3
4
3
5
3
3
3
3
4
3

pc
0.0005
0.11
0.15
0.29
0.29
0.40
0.48
0.72
0.72
1.00

q¢
0.005
0.51
0.51
0.58
0.58
0.66
0.69
0.80
0.80
1.00

aTotal number of SNPs selected for analysis of the indicated gene; P Gene-level principal components
(PCs) included in the logistic regression model; cLikelihood ratio P value; 9False discovery rate (FDR) g

value.
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Table 4. Assessment of MGST1 SNPs (n=36) and risk of BE*

SNP
rs4149203
rs3852575
rs7312090
rs4149204
rs4149207
rs4149208
rs3759207
rs4149195
rs2239676
rs4149187
1s2239677
1s2239675
rs4149186
rs2975138

© 0 N o 0o~ WDN P

R o
A WN PR O

Chr
12
12
12
12
12
12
12
12
12
12
12
12
12
12

Position
16514921
16516260
16515945
16515062
16517491
16517581
16516710
16512128
16500448
16500071
16500680
16500265
16498700
16501551

Alleles?®
T/IC
T/IC
T/IC
CIT
T/IC
T/IC
CIT
G/A
G/C
G/C
AIG
G/A
CIA
AIG

Controls BE cases

N MAF® N MAF®
3203 0.308 3288 0.346
3203 0.304 3288 0.34
3203 0.304 3288 0.34
3203 0.307 3288 0.342
3203 0.306 3288 0.338
3203 0.306 3288 0.338
3203 0.31 3288 0.34
3203 0.109 3288 0.125
3203 0.096 3288 0.113
3203 0.098 3288 0.114
3203 0.021 3288 0.027
3203 0.172 3288 0.187
3203 0.215 3288 0.235
3203 0.237 3288 0.256

OR®
1.16
1.16
1.16
1.16
1.14
1.14
1.14
1.20
1.19
1.18
1.38
1.12
111
1.10

95% Cl
(1.08-1.26)
(1.08-1.25)
(1.07-1.25)
(1.07-1.25)
(1.06-1.23)
(1.06-1.23)
(1.05-1.23)
(1.07-1.35)
(1.06-1.34)
(1.05-1.32)
(1.09-1.75)
(1.02-1.23)
(1.02-1.21)
(1.02-1.20)

P
0.0001
0.0001
0.0002
0.0002
0.0008
0.0008
0.0012
0.0013
0.0033
0.0061
0.0077
0.0172
0.0179
0.0192

q¢
0.001
0.001
0.001
0.001
0.005
0.005
0.006
0.006
0.013
0.022
0.025
0.049
0.049
0.049

#Results for n=14 SNPs satisfying FDR <0.05, 2Minor/major alleles, "Minor allele frequency, Odds ratio, adjusted for
age, sex, PC1,am-PCaam using additive model (per-allele), YFalse discovery rate (FDR)
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Figure 2. Regional association plot for n=36 genotyped SNPs at the MGST1 gene locus. The top-
ranked SNP associated with risk of BE is shown in solid purple. SNPs are ordered by genomic location.
The color scheme indicates LD between the top-ranked SNP and other SNPs in the region using r? values
calculated from the 1000 Genomes Project. The y axis shows -logio (P) values computed from 3295 BE
cases and 3204 controls. The recombination rate from CEU (Utah residents of Northern and Western
European ancestry) HapMap data (right y axis) is shown in light blue.
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Table 5. Assessment of MGST1 SNPs and risk of BE in an independent study sample of 1,851 BE

cases and 3,496 control participants (Oxford)".

SNP

rs4149203
rs3852575
rs7312090
rs4149204
rs4149207
rs4149208
rs3759207
rs4149195
rs2239676
rs4149187
rs2239675
rs4149186
rs2975138

© 00 N O 0o~ WDN P

e el
w N Rk O

#Results for n=13 SNPs available for analysis among the 14 variants listed in Table 4; 2Effect allele (all ORs

Allele?

>000 0600444044 -

BEACON Oxford Meta-analysis
OR P OR P OR P
1.16 0.0001 1.08 0.0718 1.13  3.46E-05
1.16 0.0001 1.08 0.0661 1.13  4.04E-05
1.16 0.0002 1.08 0.0678 1.13  5.12E-05
1.16 0.0002 1.08 0.0668 1.13  5.25E-05
1.14 0.0008 1.05 0.2676 1.10 0.0011
1.14 0.0008 1.05 0.2837 1.10 0.0013
1.14 0.0012 1.05 0.2649 1.10 0.0015
1.20 0.0013 1.09 0.2160 1.15 0.0012
1.19 0.0033 0.99 0.9402 1.10 0.0293
1.18 0.0061 0.99 0.8894 1.09 0.0461
1.12 0.0172 1.00 0.9882 1.07 0.0704
1.11 0.0179 0.99 0.7973 1.05 0.1081
1.10 0.0192 1.01 0.8523 1.06 0.0605

represent per-allele risk estimates under an additive model)
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SUPPLEMENTAL DATA

Table S1. Cox pathway genes selected for analysis.

[See Excel spreadsheet for list of selected genes in other four pathways]

Gene Chr Start End bp
1 AKR1C1 10 5000044 5022159 22115
2  AKR1C2 10 5029967 5060207 30240
3 AKR1C3 10 5077549 5149878 72329
4 CXCLS8 4 74606223 74609433 3210
5 CYP19A1 15 51500254 51630807 130553
6 FIGF 23 15363713 15402498 38785
7 IL12A 3 159706537 159713806 7269
8 IL12B 5 158741791 158757481 15690
9 IL12RB1 19 18170411 18197697 27286
10 IL12RB2 1 67773047 67862583 89536
11 MGST1 12 16500076 16517343 17267
12 MGST2 4 140586922 140661899 74977
13 MGST3 1 165600098 165631033 30935
14 MMP1 11 102660651 102668891 8240
15 MMP2 16 55512883 55540603 27720
16 MMP3 11 102706532 102714320 7788
17 MMP9 20 44637547 44645200 7653
18 PPARA 22 46546424 46639653 93229
19 PPARD 6 35310335 35395955 85620
20 PPARG 3 12328867 12475855 146988
21 PTGDR 14 52734431 52743442 9011
22 PTGDR2 11 60618413 60623444 5031
23 PTGDS 9 139871956 139879887 7931
24 PTGER1 19 14583278 14586174 2896
25 PTGER2 14 52781113 52795324 14211
26 PTGER3 1 71318036 71513491 195455
27 PTGER4 5 40679600 40693837 14237
28 PTGES 9 132500610 132515326 14716
29 PTGES2 9 130882972 130890741 7769
30 PTGFR 1 78769568 79005434 235866
31 PTGIR 19 47123726 47128354 4628
32 PTGIS 20 48123992 48184683 60691
33 PTGS1 9 125133359 125157982 24623
34 PTGS2 1 186640923 186649559 8636
35 TBXA2R 19 3594504 3606658 12154
36 TBXAS1 7 139476850 139720125 243275
37 TIMP3 22 33197687 33259030 61343
38 VEGFA 6 43737921 43754224 16303
39 VEGFB 11 64002266 64006258 3992
40 VEGFC 4 177604689 177713881 109192



Table S2. Gene-level associations with risk of EA.

Gene Variants? PCsP pe q¢
1 MGST1 Microsomal glutathione S-transferase 1 36 3 0.07 0.39
2 TBXAS1 Thromboxane A synthase 1 (platelet) 176 5 0.17 0.39
3 ILI2RB2 Interleukin 12 receptor, beta 2 29 3 021 0.39
4 PTGER1 Prostaglandin E receptor 1 (subtype EP1), 42kDa 10 3 022 0.39
5 PTGER3  Prostaglandin E receptor 3 (subtype EP3) 185 4 022 0.39
6 MMP2 Matrix metallopeptidase 2 25 3 025 0.39
7 PPARG Peroxisome proliferator-activated receptor gamma 121 3 027 0.39
8 PPARD Peroxisome proliferator-activated receptor delta 67 3 048 0.60
9 IL12B Interleukin 12B 31 3 077 0.85
10 CYP19Al1l Cytochrome P450, family 19, subfamily A, polypeptide 1 50 3 091 0.91

aTotal number of SNPs selected for analysis of the indicated gene; ®Gene-level principal components
(PCs) included in the logistic regression model; cLikelihood ratio P value; 9False discovery rate (FDR) g
value.



Table S3. Assessment of MGST1 SNPs (n=14, Table 4) and risk of EA

SNP
rs4149195
rs2239676
rs3852575
rs4149204
rs3759207
rs4149207
rs7312090
rs4149208
rs4149203
rs2975138
rs4149187
1s2239675
rs4149186
1s2239677

© 00 NOoO O b~ WOWN P

R o
A WN PR O

Chr
12
12
12
12
12
12
12
12
12
12
12
12
12
12

Position
16512128
16500448
16516260
16515062
16516710
16517491
16515945
16517581
16514921
16501551
16500071
16500265
16498700
16500680

Alleles?®
G/A
G/IC
T/IC
CIT
CIT
T/IC
T/IC
T/IC
T/IC
AIG
G/C
G/A
CIA
AIG

Controls EA cases

N MAF® N MAF®
3206 0.109 2495 0.12
3206 0.096 2495 0.111
3206 0.304 2495 0.331
3206 0.307 2495 0.334
3206 0.31 2495 0.335
3206 0.307 2495 0.332
3206 0.304 2495 0.331
3206 0.307 2495 0.332
3206 0.308 2495 0.334
3206 0.237 2495 0.253
3206 0.098 2495 0.111
3206 0.172 2495 0.185
3206 0.215 2495 0.228
3206 0.021 2495 0.024

OR®
1.17
1.17
111
111
1.10
1.10
1.10
1.10
1.10
1.10
1.14
1.09
1.07
1.18

95% Cl
(1.03-1.32)
(1.03-1.33)
(1.02-1.21)
(1.02-1.20)
(1.01-1.20)
(1.01-1.20)
(1.01-1.20)
(1.01-1.20)
(1.01-1.19)
(1.00-1.21)
(1.00-1.29)
(0.98-1.21)
(0.97-1.18)
(0.90-1.54)

P
0.016
0.018
0.019
0.020
0.023
0.023
0.024
0.025
0.034
0.041
0.047
0.114
0.174
0.232

q¢
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.06
0.06
0.13
0.19
0.23

aMinor/major alleles, °Minor allele frequency, ¢Odds ratio, adjusted for age, sex, PCam,1-PCama using additive model
(per-allele), UFalse discovery rate (FDR)
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Table S4. Genotype-Tissue Expression (GTex) analysis of MGST1 SNPs (n=14, Table 4).

SNP

rs4149203
rs3852575
rs7312090
rs4149204
rs4149207
rs4149208
rs3759207
rs4149195
rs2239676
rs4149187
1s2239677
1s2239675
rs4149186
rs2975138

© 00N O WN PR

N
A wWNRERO

Results from Table 4 GTEX
Alleles® OR" P Gene Tissue Allele¢  Effect sized pe
T/C 1.16 0.0001 MGST1 Esophagus Mucosa A -0.27 0.074
T/C 1.16 0.0001 MGST1 Esophagus Mucosa A -0.24 0.11
T/C 1.16 0.0002 MGST1 Esophagus Mucosa A -0.22 0.13
C/T 116 0.0002 MGST1 Esophagus Mucosa C -0.22 0.15
T/C 1.14 0.0008 MGST1 Esophagus Mucosa T -0.26 0.11
T/C 1.14 0.0008 MGST1 Esophagus Mucosa T -0.26 0.11
C/T 114 0.0012 MGST1 Esophagus Mucosa C -0.22 0.14
G/A 120 0.0013 MGST1 Esophagus Mucosa A 0.27 0.20
G/C 1.19 0.0033 MGST1 Esophagus Mucosa C 0.15 0.52
G/C 1.18 0.0061 MGST1 Esophagus Mucosa C -0.28 0.19
A/G 1.38 0.0077 MGST1 N/A N/A N/A N/A
G/A 112 0.0172 MGST1 Esophagus Mucosa A 0.13 0.50
C/A  1.11 0.0179 MGST1 Esophagus Mucosa G -0.57 0.000079
AIG 110 0.0192 MGST1 Esophagus Mucosa G 0.74  1.20E-07

aMinor/major alleles, *Odds ratio for BE, adjusted for age, sex, PCam,1-PCam4 using additive model, °Effect allele, 9P

value for assessing a linear trend in RNA expression level relative to genotype, ¢Derived from linear regression

analysis
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Figure S1. Genotype-Tissue Expression (GTEx) box plots of MGST1 RNA expression levels in
esophageal mucosa versus rs4149186 (A) or rs2975138 (B) germline genotype. Plots were directly
extracted from the GTEXx Project website and labeled with the indicated genotypes. P values were derived
from linear regression analyses stored in the GTEx database. Individual data points are displayed as gray
circles. Median expression levels are plotted as horizontal black bars within the gray boxes. The “G” and

“T" alleles of rs4149186 (A) correspond to the “C” and “A” alleles in Table 4.
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Table S5. Selected MGST1 SNPs and BE risk, stratified by smoking history (ever/never) (A), pack-

year smoking history (B), BMI (C), reflux history (D), NSAID use (E), or inflammation score (F).
Stratum-specific odds ratios (ORs) were adjusted for age, sex, and PCam,1-PCam,4 using an additive

model (per-allele); interaction P values (P-int) were derived from likelihood ratio tests.

A.

SNP

rs4149203

rs3852575

rs7312090

rs4149204

rs4149207

rs4149208

rs3759207

rs4149195

SNP

rs4149203

rs3852575

rs7312090

rs4149204

rs4149207

rs4149208

rs3759207

rs4149195

Never smokers

Ever smokers

OR (95% ClI) OR (95% Cl)  P-int
P P

1.16 (1.00-1.34) 1.17 (1.04-1.31)  0.89
0.050 0.007

1.18 (1.02-1.37) 1.16 (1.04-1.30)  0.84
0.023 0.010

1.18 (1.02-1.36) 1.16 (1.04-1.30)  0.89
0.029 0.010

1.19 (1.03-1.37) 1.16 (1.04-1.30) 0.82
0.021 0.010

1.14 (0.98-1.32) 1.14 (1.02-1.28)  0.92
0.090 0.021

1.14 (0.98-1.32) 1.14 (1.02-1.28)  0.92
0.090 0.021

1.15 (0.99-1.33) 1.13(1.01-1.27) 0.88
0.059 0.034

1.22 (0.98-1.52) 1.24 (1.05-1.47) 0.94
0.076 0.013

Pack-years of cigarette smoking
0 >0 & <15 15-29 30-44 45+

OR (95% Cl)

p

1.16 (1.00-1.34)
0.050

1.18 (1.02-1.37)
0.023

1.18 (1.02-1.36)
0.029

1.19 (1.03-1.37)
0.021

1.14 (0.98-1.32)
0.090

1.14 (0.98-1.32)
0.090

1.15 (0.99-1.33)
0.059

1.22 (0.98-1.52)
0.076

OR (95% Cl)

p

1.17 (0.93-1.48)
0.172

1.15 (0.91-1.45)
0.237

1.15 (0.91-1.45)
0.237

1.16 (0.92-1.46)
0.219

1.13 (0.89-1.43)
0.306

1.13 (0.89-1.43)
0.306

1.14 (0.90-1.44)
0.280

1.14 (0.80-1.61)
0.468

OR (95% Cl)

p

1.00 (0.78-1.29)
0.990

0.98 (0.76-1.27)
0.871

0.98 (0.76-1.27)
0.876

0.99 (0.76-1.28)
0.926

0.93 (0.72-1.20)
0.570

0.93 (0.72-1.20)
0.570

0.93 (0.72-1.20)
0.574

1.08 (0.73-1.60)
0.702

OR (95% Cl)

p

1.18 (0.88-1.59)
0.276

1.19 (0.88-1.61)
0.252

1.19 (0.88-1.61)
0.252

1.17 (0.87-1.58)
0.308

1.31 (0.97-1.78)
0.082

1.31 (0.97-1.78)
0.082

1.27 (0.94-1.71)
0.125

1.33 (0.87-2.04)
0.191

OR (95% Cl)

p

1.17 (0.90-1.53)
0.237

1.14 (0.87-1.49)
0.335

1.13 (0.87-1.48)
0.363

1.11 (0.85-1.45)
0.442

1.09 (0.83-1.42)
0.547

1.09 (0.83-1.42)
0.547

1.05 (0.80-1.37)
0.716

1.52 (1.02-2.27)
0.041

P-int

0.91

0.94

0.93

0.74

0.83

0.83

0.86

0.46
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Table S5 (continued).

C.

SNP

rs4149203

rs3852575

rs7312090

rs4149204

rs4149207

rs4149208

rs3759207

rs4149195

SNP

rs4149203

rs3852575

rs7312090

rs4149204

rs4149207

rs4149208

rs3759207

rs4149195

BMI
<25 25-29.9 30-34.9 35+
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
P P P P
1.22 (1.03-1.46) 1.19 (1.03-1.37) 0.99 (0.79-1.24) 1.03 (0.74-1.44)
0.025 0.015 0.918 0.870
1.24 (1.04-1.48) 1.19 (1.03-1.37) 1.00 (0.79-1.25) 1.01 (0.72-1.42)
0.016 0.016 0.970 0.953
1.24 (1.04-1.47) 1.19 (1.03-1.37) 0.98 (0.78-1.24) 1.01 (0.72-1.42)
0.019 0.015 0.885 0.935
1.25 (1.04-1.49) 1.18 (1.02-1.36) 0.99 (0.79-1.25) 1.03 (0.73-1.45)
0.014 0.021 0.957 0.863
1.19 (0.99-1.42) 1.15 (1.00-1.33) 1.04 (0.83-1.30) 1.01 (0.72-1.42)
0.058 0.049 0.751 0.971
1.19 (0.99-1.42) 1.15 (1.00-1.33) 1.04 (0.83-1.30) 1.01 (0.72-1.42)
0.058 0.049 0.751 0.971
1.18 (0.99-1.41) 1.15 (1.00-1.33) 1.04 (0.83-1.31) 1.02 (0.73-1.44)
0.072 0.050 0.731 0.898
1.15 (0.88-1.51) 1.35 (1.09-1.66) 1.14 (0.81-1.61) 1.01 (0.62-1.65)
0.294 0.006 0.437 0.955
Weekly heartburn/reflux
No Yes
OR (95% CI) OR (95% CI)  P-int
P P
1.23 (1.09-1.40) 1.13(0.94-1.36) 0.53
0.001 0.186
1.23 (1.08-1.39) 1.14 (0.94-1.37)  0.57
0.001 0.177
1.23 (1.08-1.39) 1.14 (0.94-1.37)  0.58
0.002 0.175
1.23 (1.08-1.40) 1.14(0.95-1.37) 0.61
0.001 0.156
1.18 (1.04-1.34) 1.15(0.95-1.38)  0.96
0.011 0.145
1.18 (1.04-1.34) 1.15(0.95-1.38)  0.96
0.011 0.145
1.18 (1.04-1.34) 1.14 (0.95-1.37)  0.95
0.011 0.159
1.33 (1.10-1.60) 1.30(0.97-1.73) 0.94

0.003

0.077

P-int



Table S5 (continued).

E.

SNP

rs4149203

rs3852575

rs7312090

rs4149204

rs4149207

rs4149208

rs3759207

rs4149195

SNP

rs4149203

rs3852575

rs7312090

rs4149204

rs4149207

rs4149208

rs3759207

rs4149195

NSAID use
Never Ever
OR (95% Cl) OR (95% ClI)  P-int
P P
1.28 (1.08-1.52) 1.08 (0.93-1.25) 0.14
0.005 0.306
1.29 (1.09-1.54) 1.07 (0.92-1.24) 0.11
0.004 0.370
1.28 (1.08-1.52) 1.07 (0.92-1.25)  0.13
0.005 0.355
1.29 (1.09-1.53) 1.07 (0.92-1.24) 0.11
0.004 0.404
1.25 (1.05-1.48) 1.11(0.95-1.29) 0.31
0.013 0.184
1.25 (1.05-1.48) 1.11(0.95-1.29) 0.31
0.013 0.184
1.25 (1.05-1.49) 1.09 (0.94-1.27) 0.24
0.011 0.257
1.15 (0.90-1.49) 1.42 (1.14-1.78)  0.25
0.267 0.002
Inflammation index
Low Medium High
OR (95% ClI) OR (95% ClI) OR (95% ClI)
P P P
1.22 (0.98-1.52) 1.14 (0.90-1.45) 1.15 (0.98-1.33)
0.0707 0.2764 0.0817
1.24 (1.00-1.54) 1.11 (0.87-1.42) 1.14 (0.98-1.33)
0.0547 0.3817 0.0961
1.24 (1.00-1.54) 1.12 (0.88-1.43) 1.13 (0.97-1.32)
0.0547 0.3456 0.1101
1.24 (1.00-1.54) 1.12 (0.88-1.43) 1.14 (0.98-1.33)
0.0555 0.3413 0.0903
1.26 (1.01-1.57) 1.11 (0.87-1.41) 1.13(0.97-1.32)
0.04 0.4097 0.1092
1.26 (1.01-1.57) 1.11 (0.87-1.41) 1.13(0.97-1.32)
0.04 0.4097 0.1092
1.27 (1.02-1.58) 1.09 (0.86-1.39) 1.14 (0.97-1.33)
0.0305 0.4772 0.1023
1.34 (0.97-1.84) 1.20 (0.84-1.73) 1.30 (1.03-1.64)
0.0757 0.3127 0.029

P-int

0.74

0.79

0.77

0.81

0.92

0.92

0.92

0.94
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Table S6. Functional annotations for top MGST1 SNPs associated with risk of BE.

SNP dbSNP2 | MotifsP eQTL® Enhancer histone marks¢ DNAse® Proteins boundf
rs4149203 INT Pou5f1, Sox Cerebellum Adipose Nuclei;
Mesenchymal SC-Derived
Adipocyte Cultured Cells;
Duodenum Mucosa
rs3852575 INT BRCAL, Foxpl, Hicl, | Cerebellum
NF-I, RREB-1, TATA
rs7312090 INT Cerebellum
rs4149204 INT NRSF, Sin3Ak-20 Cerebellum Adipose Nuclei;
Mesenchymal SC-Derived
Adipocyte Cultured Cells
rs3759207 INT Dbx1, GATA, HNF1 Cerebellum
(rs4149203: r?=0.82)
rs2287152 INT En-1 Cerebellum Adipose Nuclei; undifferentiated ESC; | POL2
(rs4149203: r>=0.97) Mesenchymal SC-Derived choroid plexus
Adipocyte Cultured Cells; epithelial cells
Gastric

adbSNP functional annotation (INT: intronic), *Predicted binding motifs altered, °Expression quantitative trait locus (eQTL), “Regulatory chromatin
states (NIH Roadmap), eDNAse hypersensitivity (ENCODE), fProtein recruitment determined by chromatin-immunoprecipitation (ENCODE).
Annotations extracted from HaploReg v2 (http://www.broadinstitute.org/mammals/haploreg).
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Table S7. Distribution of missing values for indicated covariates in the primary BEACON GWAS
dataset.

Controls BE EA
(n=2185) (n=2413) (n=1512)
N % N % N %
Age 0 00 0 00 0 00
Sex 0 00 0 00 0 00
BMI 18 0.8 355 14.7 516 34.1
Smoking status 12 05 45 19 102 6.7
Smoking (pack-years) 30 1.4 621 25.7 450 29.8
NSAID use 333 15.2 1238 51.3 687 45.4
Weekly heartburn or reflux 388 17.8 460 19.1 511 33.8

Inflammation score 415 19.0 773 32.0 833 55.1



Figure S2. Regional association plot for n=36 genotyped SNPs at the MGST1 gene locus. The top-
ranked variant among a cluster of six 5’ SNPs associated with risk of BE (FDR <0.05) is shown in solid
purple. SNPs are ordered by genomic location. The color scheme indicates LD between the top-ranked
SNP and other SNPs in the region using r? values calculated from the 1000 Genomes Project. The y axis
shows —logio (P) values computed from 3295 BE cases and 3204 controls. The recombination rate from
CEU (Utah residents of Northern and Western European ancestry) HapMap data (right y axis) is shown in

light blue.
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Figure S3. NIH Roadmap Epigenome Atlas characterization of the MGST1 genomic locus. Multiple
transcript variants for MGST1 are indicated (nc, non-coding). Patterns of DNA methylation (Bisulfite-Seq)
and key histone modifications (H3K27me3, H3K4me3, H3K9me3) in esophageal tissue are displayed.
The locus is segmented into regions of “integrative chromatin states” based on a Hidden Markov Model
(HMM)-based algorithm trained on 127 epigenomes (http://www.roadmapepigenomics.org/). Red: Active
TSS, Orange Red: Flanking Active TSS, LimeGreen: Transcr. at gene 5' and 3', Green: Strong
transcription, DarkGreen: Weak transcription, GreenYellow: Genic enhancers, Yellow: Enhancers,
Medium Aquamarine: ZNF genes & repeats, PaleTurquoise: Heterochromatin, IndianRed:
Bivalent/Poised TSS, DarkSalmon: Flanking Bivalent TSS/Enh, DarkKhaki: Bivalent Enhancer, Silver:
Repressed PolyComb, Gainsboro: Weak Repressed PolyComb, White: Quiescent/Low.
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http://www.roadmapepigenomics.org/

