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Abstract

Objective: Recently, single nucleotide polymorphisms (SNPs) associated with esophageal
adenocarcinoma (EAC) and Barrett’s esophagus (BE) were identified; rs10419226 (CRTC1), rs11789015
(BARX1), rs2687201 (FOXP1), rs2178146 (FOXFI), rs3111601 (FOXF1), and rs9936833 (FOXFI). These
findings indicate that genetic susceptibility could play a role in the initiation of EAC in BE patients. The aim of
this study was to validate the association between these previously identified SNPs and the risk of EAC in an
independent and large case—control study. Design: Six SNPs found to be associated with EAC and BE were
genotyped by a multiplex SNaPshot analysis in 1071 EAC patients diagnosed and treated in the Netherlands.
Allele frequencies were compared to a control group derived from the Rotterdam Study, a population-based
prospective cohort study (n = 6206). Logistic regression analysis and meta-analysis were performed to
calculate odds ratios (OR). Results: Rs10419226 (CRTC1) showed a significantly increased EAC risk for
the minor allele (OR = 1.17, P = 0.001), and rs11789015 (BARX1) showed a significantly decreased risk for
the minor allele (OR = 0.85, P = 0.004) in the logistic regression analysis. The meta-analysis of the original
GWAS and the current study revealed an improved level of significance for rs10419226 (CRTC1) (OR = 1.18,
P=6.66 x 107'%) and rs11789015 (BARX1) (OR = 0.83, P = 1.13 x 10°®). Conclusions: This independent and
large Dutch case—control study confirms the association of rs10419226 (CRTC1) and rs11789015 (BARX1)
with the risk of EAC. These findings suggest a contribution of the patient genetic make-up to the development
of EAC and might contribute to gain more insight in the etiology of this cancer.
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Esophageal adenocarcinoma (EAC) is one of the rapidly rising
cancers in the Western world.!"*! Despite improvements in
multimodality treatment, the prognosis for EAC remains
disconcerting.!*! The major risk factor for EAC is the
premalignant lesion Barrett’s esophagus (BE), in addition to
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age, male gender, and Caucasian ethnicity.”! As a consequence
of gastro-esophageal reflux disecase (GERD), the normal
squamous epithelium of the lower esophagus can be
replaced by columnar intestinal cells, including goblet cells,
representing BE. Per year 0.12-0.5% of the patients diagnosed
with BE will develop EAC, following a multimorphological
sequence, in which intestinal metaplasia evolves to low-grade
dysplasia (LGD), high-grade dysplasia (HGD) and ultimately

to invasive adenocarcinoma.!*®!

The prevalence of BE in the general population is estimated
at 2%, and among patients with GERD even at 10%.!"
Since the prognosis of advanced EAC is relatively poor,
patients with BE are subjected to intensive endoscopic
surveillance with biopsy sampling to identity those patients
with neoplastic progression at an early stage.!"'! However,
because the annual risk of developing EAC from BE is
relatively low, most BE patients will not progress to cancer
and do not benefit from this surveillance.[#!

It can be anticipated that genetic susceptibility could
play a role in the initiation of EAC in BE patients. From
this perspective the identification of single nucleotide
polymorphisms (SNPs), which identifies high-risk
patients, could make the surveillance of BE patients more
cost-eftective and could be helpful by diagnosing patients
with EAC in an early and curable stage and thereby increase
the prognosis remarkably.

Recently, the first Genome-Wide Association Study (GWAS)
on EAC and the premalignant lesion BE was published.
This study revealed three SNPs associated with EAC:
rs10419226 (CRTC1), rs11789015 (BARX1), and
rs2687201 (FOXP1).I"" In addition, evidence was found that
rs9936833 (FOXF1), previously associated with BE,[**] was
also associated with EAC and that the SNPs: rs2178146 and
rs3111601 near rs9936833 had even a stronger association
with EAC.1" rs9936833 was first identified in a GWAS
on BE performed by Su er al. in 2012, simultaneously
1s9257809 (MHC) was found to be associated with BE.[!3]
The aim of the present study was to validate the association
between these six previously identified SNPs and the risk of
EAC in an independent and large case—control study.

MATERIALS AND METHODS

Study population

Patients diagnosed with an adenocarcinoma of the distal
esophagus or esophagogastric junction (EGJ) and treated at
the Department of Surgery, Erasmus MC Cancer institute,
University Medical Centre, Rotterdam, between January
1996 and December 2013 (n = 761) were selected for the
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study. In addition, patients treated in the Academic Medical
Centre at the university of Amsterdam, between 1994
and 2004 were included as well (n = 310). All patients
underwent an esophagectomy with curative intention.

The control group was derived from the Rotterdam Study,
a population-based prospective cohort study. In brief, this
is an ongoing large population-based cohort study, which
started in January 1990.0'1 All inhabitants, who were
aged 55 years and older, living in Ommoord, a district in
Rotterdam, The Netherlands, were invited to participate.
This population-based control group provided reference
groups of allele frequencies, which reflect the local general
European population. Individuals in the control group
diagnosed with EAC were excluded. Patients and controls
were of European descent.

DNA isolation

For cases, the tissue samples were obtained from the
resection specimens and used according to the Code of
Proper Secondary Use of Human Tissue in the Netherlands
established by the Dutch Federation of Medical Scientific
Societies (http://www.federa.org). Nonmalignant tissue
from the resection specimen; tumor negative lymph nodes
or tumor negative resection margins, confirmed by an
experienced GI-pathologist, were macro dissected from
microscopic sections of fresh frozen-or formalin fixed
paraffin embedded tissues. DNA was extracted using
proteinase K and 5% Chelex 100 resin. For controls, genomic
DNA was extracted from whole blood samples using standard
methods.!!

Genotyping

For cases, a multiplex SNaPshot assay was designed; multiplex
polymerase chain reaction was used to amplify the regions
of the SNPs: rs2178146 (FOXF1), rs10419226 (CRTC1),
rs9936833 (FOXF1), rs2687201 (FOXP1),
rs11789015 (BARX1), and rs3111601 (FOXF1) (Hgl9).
The amplified fragments of the normal DNAs were
analyzed by SNaPshot using the ABI Prism SNaPshot
Multiplex Kit (Life Technologies, Carlsbad, CA, USA).
Data analysis was performed using GeneMarker Analysis
Software version 2.4.0 (Softgenetics, State College, PA,
USA) [Figure 1].'9 Primers and probes sequences are listed
in Supplementary Table 1.

For controls, genome-wide SNP genotyping was performed
using Infinium II assay on the HumanHap550 and Human
660-quad Genotyping BeadChips (Illuminalne, San Diego,
CA, USA). Approximately 30 million SNPs were imputed
using 1000G Phase 1 v3 populations as reference.!'”] The
imputations were performed using MACH software
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Gene:  FOXF1 CRTC1 FOXF1 FOXP1 BARX1 FOXF1
SNPID: rs2178146 rs10419226 rs9936833  rs2687201  rs11789015 rs3111601
Major allele: A G T G* A i

GA GG TT GT GA TE

Probe size: 38 45 59 66 73 87

Results of SNaPshot analysis of DNA from a patient with Esophageal adenocarcinoma; SNP rs2178146 is
heterozygous, it shows the minor allele G and the major allele A, the genotype is GA. SNP rs10419226 is
homozygous, it shows only the major allele G, the ype is GG. SNP isk it shows
only the major allele T, the genotype is TT. SNP rs2687201 is heterozygous, it shows the major allele G and
the minor allele T, the genotype is GT. SNP rs11789015 is heterozygous, it shows the minor allele G and
major allele A, the genotype is GA. SNP rs3111601 is homozygous, it shows only the major allele T, the
genotype is TT.

* Reverse probe used

Figure I: Result of SNaPshot analysis

(http://www.sph.umich.edu/csg/abecasissy MACHY/). All
variants tested here had an imputation quality of 0.9 or higher,
suggesting near perfect imputation. Best-guess genotypes
were used for the analyses.

Statistical analysis

Departures from Hardy—Weinberg equilibrium were tested
for using the goodness-of-fit }? test. Logistic regression
analyses were used to calculate odds ratios (OR) with 95%
confidence intervals (95% CI). The major allele homozygous
was set as a reference and was compared with the minor allele.
P values were corrected for multiple testing using Bonferroni
correction (P = 0.05/6 = 0.008) before considered
significant. Logistic regression was performed with SPSS
version 20.0 (SPSS, Chicago, IL, USA) and meta-analysis of
the original GWAS," and the current study was performed
using R library rmeta.l"™® A fixed-effects inverse-variance
meta-analysis was performed.

RESULTS

Study population

Actotal of 1071 cases were initially analyzed, due to technical
failure of 972 cases reliable data were obtained that was
compared with 6206 controls regarding the six previously
mentioned SNPs. Clinical data were available of 550 cases
from Rotterdam. The median age of these patients was
63 years (Range: 19-84 years) and 80% was male. Almost half
of the patients received some form of neoadjuvant therapy and
all patients underwent esophagectomy. Ninety percent was
diagnosed with an invasive adenocarcinoma, of which 35%
arose clearly from BE. Most tumors were located in the distal
esophagus (41.3%) or at the EGJ (40.5%). The majority of
the tumors were moderately or poorly differentiated (36.5%
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and 45.1%, respectively). The most common pathological
tumor stage (pT) was pT3 (53.8%) and half of the patients
appeared to have positive lymph nodes (pN1-3), whereas
four patients had distant metastasis (pM) according to the
TNM-classification of the American Joint Committee on
Cancer Staging Manual 7" edition. After surgery, 40.4%
of the cases developed recurrence of disease (locoregional
disease or distant metastasis). The mean overall survival of
the 550 cases was 53.8 months (95%CI: 49.5-58.2) and the
5-year overall survival was estimated at 38.2%.

Allelic association analysis

The distribution of genotype frequencies for the
investigated SNPs was consistent with Hardy—Weinberg
equilibrium (P > 0.05), except for FOXF1 rs3111601
(P = 0.013). The allelic association of the six SNPs with
EAC showed significantly increased risk for the minor
allele of rs10419226 (CRTC1) (OR = 1.17,P = 0.001)
and significantly decreased risk for the minor allele of
rs11789015 (BARX1) (OR = 0.85, P = 0.004). None
of the other four SNPs were significant in the currently
studied population, although direction and effect size were
consistent with previous GWAS results. The meta-analysis
of the original GWAS and the current study revealed more
accurate effect estimate and improved level of significance for
rs10419226 (CRTC1) (OR = 1.18,P = 6.66 X 107')
andrs11789015 (BARX1) (OR = 0.83,P = 1.13 x 107%),
and in addition for rs2178146 (FOXF1) (OR = 0.87,
P = 9.37 x 1077), while there was no significant
allelic association with EAC in the currently studied
population [Table 1].

Genotypic association analysis

Genotypic association analysis showed a dose effect for
the significantly associated SNPs. The GT genotype
for rs10419226 (CRTC1) increased the risk of EAC in
comparison with the GG genotype (OR = 1.07,P = 0.428),
which became significant for the TT genotype (OR = 1.39,
P = 0.001). The rs11789015 (BARX1) AG genotype
decreased the risk of EAC in comparison with the AA
genotype (OR = 0.95, P = 0.456), this decrease in risk
became significant for the genotype GG (OR = 0.57,
P = 3.68 x 107*) [Supplementary Table 2].

DISCUSSION

In this study two SNPs, rs10419226 (CRTC1) and
rs11789015 (BARX1), were replicated to be associated
with EAC. In the performed meta-analysis including
the data of the EAC cohort from the original GWAS,!?
the level of significance was improved compared with
the original findings of the GWAS, confirming the
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Table |: Logistic regression and meta-analysis
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SNP ID Chromosome Position Gene Major Minor MAF

Current Levine et al. 2013 Combined

OR(95%Cl) P

OR (95% CI) P OR (95%Cl) P

rs2178146 16 86463695 FOXFI T C 043 0.9 (0.83-1.00) 0.060 0.85(0.79-0.91) 4.37x10°¢ 0.87 (0.82-0.92) 9.37x10”’
rs10419226 19 18803172 CRTCI G T 045 1.17(1.07-1.29) 0.001 1.19 (I.11-1.27) 835x107 1.18 (I.12-1.25) 6.66%10°'°
rs9936833 16 86403118 FOXFI T C 035 1.03(0.93-1.14) 0.589 1.16 (1.05-1.27) 2.06x107 1.10(1.03-1.18)  0.006

rs2687201 3 70928930 FOXPI  C A 032 1.07(0.97-1.18) 0.193 1.20 (1.12-1.29) 576107 1.15(1.09-1.22) 1.76x10°¢
rs| 1789015 9 96716028 BARXI A G 029 0.85(0.76-0.95) 0.004 0.8 (0.75-0.88) 1.80xI07 0.83 (0.77-0.88) 1.13x10°®
rs3111601 16 86400081 FOXFI T C 029 1.01(0.91-1.13) 0.813 .16 (1.08-1.24) 8.49x10°> .12 (1.06-1.18) 1.34x10*

In bold: P value passing multiple testing correction (current) or improving compared to original GWAS. MAF: Minor allele frequency, OR (95% Cl): Odds ratio (95% confidence

interval), SNP: Single nucleotide polymorphism, GWAS: Genome-Wide Association Study

association of CRTC1 and BARX1 with EAC. This was
expected, since the present case—control study revealed a
significantly increased risk of EAC for the minor allele T of
rs10419226 (CRTC1) and a significantly decreased risk of
EAC for the minor allele G of rs11789015 (BARX1). Both
SNPs showed a dose-eftect in the genotypic analysis; two
minor alleles gave a stronger effect than one minor allele.

In addition, rs2178146 (FOXF1) showed an improved level
of significance in the meta-analysis while it did not reach
significance in the allelic analysis of the present study cohort.
This could be explained by a smaller sample size compared
to the population used for the original GWAS resulting in a
decreased power to detect the association. However, because
all cases were retrieved clinically, and controls with EAC were
excluded, no attenuation had taken place. Only two of the
six previously identified SNPs, appeared to be significantly
associated with EAC in the current study, however, a consistency
of the direction of effect and effect size was seen for all variants,
suggesting that all these variants may play a role in EAC.

Rs10419226 is an intronic variant in the CRTC1 gene, which
is encoding for CREB-regulated transcription co-activator
that has been found previously to be associated with the
oncogenic activity. The down-regulation or loss of LKB1, a
tumor suppressor kinase, activates CRTC1 signaling and the
transcriptional activity of the downstream targets of CRTC1.
In addition, altered LKB1/CRTC1 signaling has been
demonstrated to induce a migratory and invasive phenotype
in esophageal cancer cell lines.[%2)

Rs11789015 is located in an intron of BARX1, a homeobox
transcription factor. The homolog of BARXT has been found
to be associated with the differentiation of the esophagus and
trachea in developing mouse embryos and in addition to be
associated with the down-regulation of the Wnt pathway in
stomach morphogenesis and differentiation.!!

Identifying these SNPs associated with EAC suggests that
genetic susceptibility might play a role in the initiation of EAC
and could be of importance for the surveillance of BE patients.
Since the prevalence of BE patients is valued at 2% in the general

population,” and the annual risk of developing EAC from BE
is estimated at 0.12-0.5%,® most patients with BE will not
benefit from endoscopy surveillance. However because of the
relatively poor prognosis of EAC,P! it is of utmost importance
to diagnose EAC patients in an early and curable stage of the
disease. Therefore, it could be of additional value to incorporate
SNPs associated with EAC in the surveillance program of BE, in
order to only select the high-risk patients for developing EAC.

CONCLUSIONS

This independent and large Dutch case—control study
replicated the association of rs10419226 (CRTC1) and
rs11789015 (BARXT1) with the risk of EAC. These findings
indicate a possible genetic contribution to the development
of EAC and might contribute to gain more insight in the
etiology of this cancer. In addition, SNPs associated with EAC
could be helpful by identifying patients at increased risk for
malignant progression during surveillance and/or screening
programs aimed to improving the survival of these patients
by diagnosing EAC in an early and curable stage.
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Gene SNP ID Forward primers Reverse primers Forward probes Reverse probes Size
FOXFI Rs2178146 5-ATAGGGAG 5-TCTTGATTGTT 5-CCGTGAGTGTG 5-CAGGTAAGCAG 38
GTGCTCGGCAG-3¥ AGGGCAGGC-3’ GTCAACTG-3 GAAGGCC-3
CRTCI Rs10419226 5-CTGGTGCTAC 5-ATCATATTGATG 5-GCCACTGGCT 5-ACCACAAAGT 45
AGGTTCTGTCAG-3’ ACGGTGAGGG-3’ AAAGTCACAAAT-3’ GAGGGGCATT-3
FOXFI Rs9936833 5’-CGATAAACTCAGAT 5-AATGGAAATTGT 5-GAGGGTGGTAG 5-CTTTAACAAAA 59
TGGAACACAG-3’ TCAGGATCATCTAC-3 AGAGTGGCA-3’ CAGAAGTCAAAAGCA-3’
FOXPI Rs2687201 5-CACCTACCAGC 5-TCTCCCCTTTA 5-CTCCAGTGACAG 5-GACCACTGTG 66
AGGTTCTCC-3’ CCACTGCAC-3 TGACAGATTCTAT-3’ GTCTTTTCCAT-3’
BARXI Rs11789015 5-CGGAAATTCC 5-CGGGCACACA 5-CTGGAAATTATTG 5-ATGGGGA 73
AAAGTACCCTG-3’ ATCATTTTAGG-3 TTCACGTTTTCT-3’ AGCGTCTGAAAA-3’
FOXFI Rs3111601 5-CCCAGCTAAATATTT  5-CCTAAAAATGGCAA 5’-CTCACCATACAA 5-AAATAAAGGAT 87
TAAGAACATAATTTC-3’ TTACATAAATAACTAG-3’ AGCATTTACTTG-3’ GGGCCATATCC-3
SNP: Single nucleotide polymorphism
Supplementary Table 2: Genotypic association analysis
SNP ID EAC Controls OR (95%ClI) P
(n=972) (%) (n=6206) (%)
rs2178146
TT 351 (36.1) 2054 (33.1) |
TC 459 (47.2) 3022 (48.7) 0.89 (0.765-1.033) 0.123
CC 162 (16.7) 1130 (18.2) 0.84 (0.687-1.024) 0.085
rs10419226
GG 260 (26.7) 1845 (29.7) |
GT 469 (48.3) 3117 (50.2) 1.07 (0.908-1.256) 0.428
TT 243 (25.0) 1244 (20.0) 1.39 (1.147-1.675) 0.001
rs9936833
TT 399 (41.0) 2609 (42.0) |
TC 453 (46.6) 2847 (45.9) 1.04 (0.900-1.202) 0.591
CcC 120 (12.3) 750 (12.1)  1.05 (0.840-1.303) 0.687
rs2687201
CC 426 (43.8) 2847 (45.9) |
CA 437 (45.0) 2720 (43.8) 1.07 (0.930-1.239) 0.331
AA 109 (11.2) 639 (10.3) 1.14(0.908-1.431) 0.258
rs11789015
AA 521 (53.9) 3138 (50.6) |
AG 403 (41.5) 2560 (41.3) 0.95(0.824-1.091) 0.456
GG 48 (4.9) 508 (8.2) 0.57 (0.417-0.776) 3.68x10*
rs3111601
TT 484 (49.8) 3060 (49.3) |
TC 401 (41.3) 2653 (42.7) 0.96 (0.829-1.102) 0.531
CC 87 (9.0) 493 (7.9) 1.12 (0.871-1.429) 0.385
EAC: Esophageal adenocarcinoma, OR (95% Cl): Odds ratio (95% confidence interval),
SNP: Single nucleotide polymorphism
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