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Background: Obesity is a major risk factor for esophageal adeno-
carcinoma (EA) and its precursor Barrett's esophagus (BE). Research
suggests that individuals with high genetic risk to obesity have a higher
BE/EA risk. To facilitate understanding of biological factors that lead to
progression from BE to EA, the present study investigated the shared
genetic background of BE/EA and obesity-related traits.

Methods: Cross-trait linkage disequilibrium score regression was
applied to summary statistics from genome-wide association meta-
analyses on BE/EA and on obesity traits. Body mass index (BMI) was
used as a proxy for general obesity, and waist-to-hip ratio (WHR) for
abdominal obesity. For single marker analyses, all genome-wide
significant risk alleles for BMI and WHR were compared with
summary statistics of the BE/EA meta-analyses.

Results: Sex-combined analyses revealed a significant genetic
correlation between BMI and BE/EA (r, = 0.13, P = 2 X 107%%)
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and a g of 0.12 between WHR and BE/EA (P =1 x 107%%). Sex-
specific analyses revealed a pronounced genetic correlation
between BMI and EA in females (r, = 0.17, P = 1.2 x 107%%),
and WHR and EA in males (r, = 0.18, P = 1.51 x 107°%). On the
single marker level, significant enrichment of concordant effects
was observed for BMI and BE/EA risk variants (P = 8.45 X
107°%) and WHR and BE/EA risk variants (P = 2 x 10 %%).

Conclusions: Our study provides evidence for sex-specific
genetic correlations that might reflect specific biological mecha-
nisms. The data demonstrate that shared genetic factors are
particularly relevant in progression from BE to EA.

Impact: Our study quantifies the genetic correlation
between BE/EA and obesity. Further research is now war-
ranted to elucidate these effects and to understand the shared
pathophysiology.
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Introduction

Opver the past four decades, the incidence of esophageal adenocar-
cinoma (EA) has shown a continuous increase in developed
nations (1). In 2012, the global incidence rate was estimated at 0.7
per 100,000 person-years, with amale predominanceinincidence (2, 3).
Without early detection, EA has a mortality rate of >85% (1). EA is
typically preceded by the precancerous condition Barrett's esophagus
(BE), which is characterized by the replacement of normal stratified
squamous epithelium of the distal esophagus by metaplastic columnar
epithelium. It has been proposed that BE develops in response to an
adaption to the harsh and acidic esophageal environment of chronic
gastroesophageal reflux disease (1). BE and EA are multifactorial
disorders. Genome-wide association studies (GWAS) of BE and EA
have successfully identified disease-associated single-nucleotide poly-
morphisms (SNPs) and contributory biological pathways (4). Further
genetic studies revealed that BE and EA share polygenic effects that
contribute to risk of both diseases: Ek and colleagues showed that both
disorders have heritable components with substantial overlap in the
set of genes contributing to risk of each condition (ry = 1.0; ref. 5).
Further evidence is provided by the today's largest GWAS meta-
analysis (4). Here, all genome-wide significant loci from a separate
BE and EA meta-analysis were also identified in a combined BE/EA
meta-analysis except for one locus on chromosome 3q27, which was
significant in EA only. By contrast, all risk loci identified for BE
were also associated with EA.

Epidemiologic studies estimated that prevalence of BE in devel-
oped nations is up to 5.6% (6), and research suggests that progres-
sion to EA occurs in around 0.12% to 0.5% of BE patients per
year (7). The low progression rate complicates the clinical man-
agement of BE with the challenge of underdiagnosis of a serious
disease and overdiagnosis of early benign esophageal changes.
Therefore, there is a need for improved surveillance and interven-
tion strategies for prevention of EA.

A number of studies have reported a positive association between
EA and high body mass index (BMI; ref. 8). An investigation of 12
epidemiologic studies revealed that BMI is directly associated with the
risk of EA (9). Of note, the association between obesity and EA seems
to be stronger than that for other types of obesity-related cancers (8). In
contrast, studies of obesity-related traits and BE risk have generated
nonreplicable results (10, 11). Although BMI is used as a marker of
overall obesity in epidemiologic studies, this anthropometric marker
does not indicate body fat distribution. Abdominal obesity or visceral
fat is more often observed in men (12). There is evidence that
abdominal obesity is much more strongly associated with EA than
BMI alone, possibly contributing to the striking imbalance of disease
occurrence between the sexes with a strong male predominance of EA
(7:1 male-to-female ratio; ref. 8). Previous authors have suggested that
waist circumference or waist-to-hip ratio (WHR), as proxies for body
fat distribution, might be used as predictors of obesity-related diseases,
including BE and EA (8, 13). A study by Steffens and colleagues
analyzed a European prospective cohort (EPIC study) and showed that
abdominal obesity, rather than general obesity, contributes to EA
risk (14).

The use of genetic data and the application of novel bioinformatic
methods have led to new insights into the relationship between
obesity and BE/EA. Using a case—control approach, Thrift and col-
leagues demonstrated that obesity was a risk factor for BE and EA,
independent of other confounding factors (15). This study applied the
Mendelian randomization (MR) approach to show the causal nature of
the observed association between obesity and BE/EA. In their study,
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Thrift and colleagues derived a genetic risk score in 29 BMI-associated
SNPs and revealed that individuals with a high genetic susceptibility to
obesity have higher risks of BE and EA than individuals with low
genetic obesity risk. The MR approach incorporates genetic informa-
tion of single genetic variants; the present study expands the analyses to
a genome-wide level in order to elucidate the overall shared genetic
background between BE and EA and obesity-related traits. For this, we
used cross-trait linkage disequilibrium (LD) score regression (LDSR), a
method that estimates genetic correlation on a genome-wide level by
using GWAS summary statistics (16).

In order to better understand the relation of BE and EA with obesity,
the present study aimed at quantifying and elucidating the shared
genetic background of these traits. This might help to get a better
understanding of the biological factors that lead to progression from
BE and EA within the context of obesity.

Materials and Methods

Description of GWAS data sets

Data on BE and EA were obtained from a previous GWAS meta-
analysis (4). This meta-analysis combined data sets from four GWAS
cohorts: (i) the BEACON cohort (2,406 BE cases, 1,508 EA cases, and
6,718 controls); (ii) the Bonn cohort (1,037 BE cases, 1,609 EA cases,
and 3,537 controls); (iii) the Cambridge cohort (873 BE cases, 995 EA
cases, and 3,408 controls); and (iv) the Oxford cohort (1,851 BE cases
and 3,496 controls). All BE patients had a histopathologic diagnosis of
intestinal metaplasia in the distal esophagus. All EA patients had a
histopathologic diagnosis of adenocarcinoma in the distal esophagus.
Informed consent was obtained in the four studies from all participants
and ethics approval was obtained from the ethics boards of every
participating institution. The studies were conducted in accordance
with guidelines of the Declaration of Helsinki, and the studies
were approved by an institutional review board. In total, the GWAS
meta-analysis sample comprised 6,167 BE cases (1,508 females and
4,659 males); 4,112 EA cases (526 females and 3,586 males); and 17,159
controls (7,970 females and 9,189 males). All cases and controls were of
European ancestry. Genotyping was performed using high-dense
Ilumina SNP arrays. This resulted in 11,951,684 genotyped or imput-
ed SNPs for each participant (4). Association data were available for
three different analyses: (i) BE, (ii) EA, and (iii) BE/EA combined.

Genetic data for BMI and WHR were retrieved from the GWAS
meta-analyses performed by the Genetic Investigation of ANthropo-
metric Traits (GIANT) consortium for: (i) BMI (17) and (i) WHR (18).
Association data were available from 2,554,623 SNPs for 322,154
individuals in the BMI study (17), and 2,542,447 SNPs for 210,088
individuals in the WHR study (18). For GIANT data, association data
for both sex-specific and sex-combined analyses were available. Only
GIANT data from individuals of European descent were integrated
into the present analyses.

LD score regression genetic correlation analyses

To estimate genetic correlations between obesity-related traits and
Barrett's phenotypes (i.e., BE, EA, and BE/EA combined), LD score
regression (LDSC) analyses were conducted (16). Using the default
parameters of the LDSC software (19), quality control (QC) was
performed for the genome-wide summary statistics of the Barrett's
phenotypes, BMI, and WHR data sets. For the BMI and WHR data sets,
QC was performed for both sex-specific and sex-combined data.
Supplementary Table S1 lists the number of overlapping SNPs in
each analysis post-QC. Genetic correlations were estimated for nine
pairwise combinations (see Table 1), as based on the available,
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Table 1. Pairwise genetic correlation, as calculated by LDSC.

Shared Genetic Etiology of BMI/WHR and BE/EA

BE
ry (se) and P value

EA
ry (se) and P value

BE/EA
ry (se) and P value

BMI Male 0.14 (0.04), 1.00 x 10793 0.09 (0.05), 0.10 0.08 (0.04), 6.44 x 102
Female 0.06 (0.05), 0.22 0.17 (0.05), 1.20 x 10~ %% 0.16 (0.04), 5.02 x 10 °5
Sex-combined 0.11 (0.04), 5.50 x 10~°3 0.15 (0.04), 1.00 x 10~ %3 0.13 (0.04), 2.00 x 10 %%
WHR Male 0.06 (0.07), 0.42 0.18 (0.07), 1.51 x 10 2 0.1 (0.06), 0.06
Female 0.05 (0.06), 0.41 0.09 (0.07), 0.20 0.08 (0.06), 0.15
Sex-combined 0.07 (0.05), 0.18 0.16 (0.06), 8.20 x 10~3 0.12 (0.05), 1.34 x 102
WHR,;BMI Male 0.003 (0.08), 1 0.1 (0.08), 0.17 0.05 (0.07), 0.48
Female 0.01 (0.07), 0.86 0.01(0.08), 0.85 0.02 (0.06), 0.72

Sex-combined 0.03 (0.05), 0.58

0.08 (0.07), 0.23

0.06 (0.05), 0.27

Note: Significant P values are highlighted in bold. Asterisk indicates P values significant after Bonferroni correction for multiple testing (27 tests).
Abbreviations: ry, genetic correlation; SE, standard error; WHR,4;BMI, waist-to-hip ratio adjusted for BMI.

precomputed LD scores for the European population. These LD scores
are provided by the developers of the LDSC software.

Enrichment of concordant effects

Risk alleles for all genome-wide significant variants in the BMI
and WHR GWAS studies were compared with those reported in the
BE/EA GWAS meta-analysis. Data on genome-wide significant
SNPs (hereafter referred to as index SNPs) for BMI and WHR
were obtained from the supplementary material of the BMI (17) and
WHR GWAS (18). All index SNPs identified in Europeans in the
sex-combined and sex-specific analyses were included. Association
data on index SNPs for the three Barrett's phenotypes were retrieved
from the GWAS meta-analyses (4). The direction of effect of the risk
allele for the BMI and WHR index SNPs was then compared with
the effect directions observed in the meta-analysis data for the
Barrett's phenotypes. If both alleles revealed the same risk allele, this
was referred to as concordant effects. Enrichment analysis of
concordant effects was performed using a one-sided binomial test
of the number of concordant effects versus a null expectation of P =
0.5. Enrichment of concordant and nominally significant (P < 0.05)
index SNPs were tested using a second one-sided binomial test with
a null expectation of P = 0.05.

Results

Shared genetic etiology for obesity-related traits and BE/EA

Results concerning the shared genetic correlation between obesity-
related traits and Barret's phenotypes are summarized in Table 1.

For BMI, the male-only analysis revealed a significant genetic
correlation of r, = 0.14 with BE (SE = 0.04, P =1 x 1079, whereas
the genetic correlation with EA was much weaker and not significant
(ry = 0.09, SE = 0.05, P = 0.10). The genetic correlation with
male BMI and the combined BE/EA data revealed r, = 0.08 (SE =
0.04, P =64 x 10°%).

The opposite effect was observed in females. Here, a genetic
correlation of r, = 0.17 was observed between BMI and EA (SE =
0.05, P = 1.2 x 107%), and a much weaker and nonsignificant
genetic correlation was found between BMI and BE (rg = 0.06,
SE = 0.05, P = 0.22). The genetic correlation with female BMI and
combined BE/EA data was r, = 0.16 (SE = 0.04, P = 5.02 x 10~ ).

For WHR, the male-only analysis revealed a genetic correlation of
re = 0.18 with EA (SE = 0.07, P = 1.51 x 1079%), whereas the genetic
correlation with BE was much weaker and not significant. The genetic
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correlation with male WHR and combined BE/EA was r, = 0.11, but
not significant. In females, no significant genetic correlation with
WHR was observed for either BE, EA or BE/EA (Table 1).

Following adjustment of WHR for BMI, no significant genetic
correlation was observed for males or females.

Enrichment of concordant effects

Results for the enrichment of concordant effects of the first and
second binominal test are shown in Table 2. Comparisons of sex-
specific findings were hampered by variations in the number of index
SNPs between males and females. However, the sex-combined analysis
revealed a significant enrichment of index SNPs with concordant and
significant effects in (i) BMI and EA (P = 7.51 x 10~%%) and (ii) BMI
and BE/EA (P = 8.45 x 10~*). In addition, a nominally significant
enrichment of index SNPs with the same allelic direction and signif-
icance was observed for WHR and BE/EA (P = 0.02). All index SNPs
with concordant and significant effects as well as their association P
values for obesity and Barrett phenotypes are listed in Table 3.

Discussion

Epidemiologic studies have implicated obesity as a risk factor for
both EA and its precursor BE. Modern genetic approaches enable
analysis of their shared etiology on a genetic level using large-scale
GWAS data sets. In the present study, LDSC was used to estimate the
genetic correlation between Barrett's phenotypes (BE, EA, and BE/EA)
and obesity. The analyses were performed using the largest available
GWAS data sets for Barrett's phenotypes, obesity, and body fat
distribution to date (4, 17, 18). The analyses differentiated between
genetic risk for increased BMI, as a proxy for general obesity, and the
genetic risk for increased WHR, as a proxy for abdominal obesity.

The present analyses revealed that obesity-related traits and
Barrett's phenotypes share a substantial proportion of their genetic
etiology. This is consistent with the results of the study performed
by Thrift and colleagues, which indicated that obesity is an inde-
pendent risk factor for BE and EA (15). A recent study by Lindstrom
and colleagues analyzed the pairwise genetic correlations between
different types of cancer and noncancer traits, including BMI (20).
Two cancer types (breast and prostate cancer) showed negative
genetic correlations with BMI. Positive genetic correlation with BMI
were observed for lung cancer (r, = 0.116), pancreatic cancer (r, =
0.243), and colorectal cancer (7, = 0.157). In this present study, we
observed a comparable strong genetic correlation between EA and
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BMI. The study by Lindstrom and colleagues did not investigate
genetic correlations with WHR and sex-specific effects.

The analyses generated two additional findings. First, the genetic
correlation between obesity-related traits and EA seems to be stronger
than the genetic correlation between obesity-related traits and BE.
Although the observed difference is only moderate and not statistically
significant, this finding suggests that the underlying biological factors
have a stronger impact on the development of EA than on BE.

This hypothesis is consistent with data from previous epidemiologic
studies, which demonstrated consistent positive associations for both
BMI and abdominal obesity, and EA (9, 21, 22). For BE, previous
studies revealed general associations with abdominal obesity, however,
not with BMI (10, 11,23). On the translational level, the present genetic
data emphasize that the management and regulation of obesity, for
example via modifications to diet and life style, might have a protective
impact in terms of EA development, and that the surveillance of obese
BE patients might be an important aspect in terms of EA prevention.

Second, the results indicate sex-specific differences in EA develop-
ment. The genetic correlation between EA and general obesity—as
measured according to BMI—was strongest in women, whereas the
genetic correlation with abdominal obesity—as measured according to
WHR—was strongest in men. This finding is consistent with previ-
ously hypothesized mechanisms (1). The accumulation of abdominal
fat, which occurs more frequently in men, might increase intra-
abdominal pressure, which in turn promotes gastroesophageal reflux.
In contrast, systemic inflammatory processes within adipose tissue in
general might be a more important etiologic factor in women. How-
ever, we also observed a strong genetic correlation between BMI and
BE in men, but not in women.

Interestingly, the to-date largest epidemiologic study that investi-
gates obesity traits and risk of BE reported waist circumference, but not
BML, as a risk factor for BE (10). Contrarily, the present study finds a
correlation between BE and BMI, but not WHR. However, these are
not necessarily conflicting results. Here, we have studied the relation
between the Barrett's phenotypes and obesity-related traits on a genetic
level, whereas Kubo and colleagues investigated the relationship on a
phenotypic level.

As limitation we note that the underlying sample sizes of the EA, BE,
and BE/EA summary statistics are only moderate and our results are
not validated based on an external data set. In addition, the genetic
correlation between two traits does not allow drawing conclusions in
terms of causality. As shown in Bulik-Sullivan and colleagues (19),
genetic correlations estimated from summary statistics could be the
result of a direct effect between both traits or implied by an indirect
effect that is mediated by a third trait.

On the single marker level, the present analyses revealed a signif-
icant enrichment of obesity-associated SNPs for EA but not for BE.
Although the associated variants require further replication in inde-
pendent EA samples, elucidation of the underlying pathomechanisms
and implicated genes might facilitate understanding of the biological
factors that lead to EA progression within the context of obesity. For
example, the most strongly associated locus in a previous GWAS of
BMI was FTO (17). In the present study, the FTO locus showed
association signals for BMI and EA in both sexes, but no concordance
for BMI and BE (Table 3). Functional follow-up studies indicated a
potential mechanism for the genetic association between FTO and
obesity, involving regulatory dysfunction of IRX3 and IRX5 expression
during early adipocyte differentiation (24). Although the biological
mechanisms that link obesity and cancer remain largely unknown,
consensus is growing, that dysregulation of adipocyte function is a
major contributor (25, 26).
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Shared Genetic Etiology of BMI/WHR and BE/EA

Table 3. Overview of BMI and WHR index SNPs that showed significant BE/EA associations with the same effect alleles.

Nearest Effect Other P_Barrett-
Gender Phenotype SNP Chr Pos (hg19) gene allele allele P_obesity phenotype
Male BMI BE rs2820292 1 201,784,287 NAVI 2.26E-08 2.60E-03
EA rs13021737 2 632,348 TMEMI8 3.86E—22 1.60E-02
rs1516725 3 185,824,004 ETV5 1.05E—12 1.06E—-02
rs12429545 13 54,102,206 OLFM4 1.51E-08 2.07E-05
rs1558902 16 53,803,574 FTO 1.04E-93 1.33E-03

BE/EA rs2820292 1 201,784,287 NAVI
rs1516725 3 185,824,004 ETV5
rs12429545 13 54,102,206 OLFM4
rs16951275 15 68,077,168 MAP2K5
rs1558902 16 53,803,574 FTO
rs2287019 19 46,202,172 QPCTL

2.26E-08 9.17E-03
1.05E—12 2.32E-02
1.51E-08 2.70E-04
8.53E-11 4.43E-02
1.04E-93 2.39E-03
2.69E-12 1.85E—02

Female BMI BE rs205262 6 34,563,164 Cé6orfl06 2.04E-09 2.86E—-02
rs7141420 14 79,899,454 NRXN3 1.45E-11 1.23E-02
EA rs13021737 2 632,348 TMEMI8 6.99E—-40 1.60E—-02

rs1516725 3 185,824,004 ETV5
rs1558902 16 53,803,574 FTO
rs1808579 18 21,104,888 Ci8orf8
BE/EA rs1516725 3 185,824,004 ETV5
rs6465468 7 95,169,514 ASB4
rs16951275 15 68,077,168 MAP2K5
rs1558902 16 53,803,574 FTO
rs2287019 19 46,202,172 QPCTL
Combined BMI BE rs2820292 1 201,784,287 NAVI
rs205262 6 34,563,164 Cé6orfl06
rs7141420 14 79,899,454 NRXN3
rs17724992 19 18,454,825 PGPEP]

1.91E-15 1.06E—02
4.03E-84 1.33E-03
1.23E—-08 1.64E—-02
1.91E-15 2.32E-02
4.98E—-08 3.79E-02
2.96E-10 4.43E-02
4.03E—-84 2.39E-03
8.60E-10 1.85E-02
1.83E—-10 2.60E-03
1.75E-10 2.86E—-02
1.23E-14 1.23E-02
3.42E—08 3.11E-03

Combined BMI EA rs13021737 2 632,348 TMEMI8 1ME-50 1.60E-02
rs1516725 3 185,824,004 ETV5 1.89E—-22 1.06E—02
rs2245368 7 76,608,143 PMS2LI1T 3.19E-08 1.71E-02

rs12429545 13 54,102,206 OLFM4
rs1558902 16 53,803,574 FTO

1.09E—-12 2.07E-05
7.51E-153 1.33E-03

rs1000940 17 5,283,252 RABEPI 1.28E—-08 6.60E—-03
rs1808579 18 21,104,888 Ci8orf8 4.17E-08 1.64E—-02
BE/EA rs2820292 1 201,784,287 NAVI 1.83E-10 9.17E-03
rs2121279 2 143,043,285 LRPIB 2.31E-08 2.06E-02
rs1516725 3 185,824,004 ETV5 1.89E-22 2.32E-02

rs12429545 13 54,102,206 OLFM4
rs16951275 15 68,077,168 MAP2ZK5
rs1558902 16 53,803,574 FTO
rs2287019 19 46,202,172 QPCTL

1.09E—-12 2.70E-04
1.91E-17 4.43E-02
7.51E-153 2.39E-03
4.59E-18 1.85E—-02

Or—>00060>>000>—"000>—"A—00>00"00>—"2>200>>000
o040 4> 4A>ro00>>»"A 00044 4A>0>A 060> 06 —>>

Male WHR BE No SNPs with same allelic effect direction and with P < 0.05 in BE/EA
EA rs1936805 6 127,452,116 RSPO3 T C 5.401E-10 4.79E-02
BE/EA No SNPs with same allelic effect direction and with P < 0.05 in BE/EA
Female WHR BE rs10919388 1 170,372,503 GORAB C A 113E—08 8.96E—04
rs2645294 1 19,574,587 TBX15-WARS2 T C 1.28E-09 4.10E-02
EA rs10919388 1 170,372,503 GORAB C A 113E—-08 4.88E-02
rs1106529 1 19,531,497 TBX15 A G 1.91E-09 2.55E-02
BE/EA rs10919388 1 170,372,503 GORAB C A 113E-08 8.96E—-04
rs2645294 1 119,574,587 TBX15-WARS2 T C 1.28E—-09 1.50E-02
rs1106529 1 119,531,497 TBXI5 A G 1.91E—09 2.56E—-02
Combined WHR BE rs2645294 1 19,574,587 TBX15-WARS2 T C 3.41E-12 410E-02
rs2071449 12 54,428,011 HOXC4-HOXC6 A C 3.85E-12 1.33E-02
EA rs1106529 1 119,531,497 TBXI5 A G 2.94E-12 2.55E-02
Combined WHR BE/EA rs1106529 1 19,531,497 TBX15 A G 2.94E-12 2.56E—02
rs2645294 1 19,574,587 TBX15-WARS2 T C 3.41E-12 1.50E-02
rs2071449 12 54,428,011 HOXC4-HOXC6 A C 3.85E—12 1.97E-02

Note: P_obesity is the association P value extracted from the GWAS data by Locke and colleagues (17) for the BMI trait and by Shungin and colleagues (18) for WHR
trait. P_Barrett-phenotype is the association P value for BE, EA, and BE/EA extracted from the meta-analysis by Gharahkhani and colleagues (4).
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In conclusion, to our knowledge, the present study is the first
systematic genome-wide investigation of the shared genetic etiology
of Barrett's phenotypes and obesity-related traits. The data suggest,
and for the first time quantify, shared genetic factors that are partic-
ularly relevant in terms of progression from BE to EA, and that dietary
and lifestyle interventions may therefore be beneficial for BE patients.
The data also indicate sex differences in terms of the mechanisms that
underlie the association between obesity-related traits and progression
from BE to EA. Further research is warranted to elucidate the
mechanisms and biological factors that underlie the potential pleio-
tropic effects.
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