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ORIGINAL ARTICLE

Functional single-nucleotide polymorphism of
epidermal growth factor is associated with the
development of Barrett’s esophagus and
esophageal adenocarcinoma

Vivianda Menke!, Raymond GJ Pot!, Leon MG Moons!, Katinka PM van Zoest!, Bettina Hansen?,
Herman van Dekken?, Peter D Siersemal”, Johannes G Kusters'®> and Ernst J Kuipersl’4

Reflux esophagitis (RO) and Barrett’s esophagus (BO) can cause esophageal adenocarcinoma (OAC). The esophageal mucosa in
the RO-BO-0OAC cascade is chronically exposed to gastro-esophageal reflux. Epidermal growth factor (EGF) has an important
role in the protection and repair of mucosal damage, and non-physiologic levels are associated with gastrointestinal tumors.
The aim is to determine the functional effect of EGF gene polymorphisms on RO, BO and OAC development. A cohort of 871
unrelated Dutch Caucasians consisted of 198 healthy controls, 298 RO patients, 246 BO patients and 129 OAC patients.
The frequency of the EGF-production-associated 5’'UTR A+61G polymorphism was determined in these four groups. EGF
immunohistochemistry was performed on BO biopsies. EGF expression was significantly lower in the G/G genotype compared
with the A/G (P=0.008) and A/A (P=0.002) group. The G/G genotype was significantly more prevalent in RO (odds ratios
(OR)=2.6; 95% confidence intervals (95% CI): 1.3-5.2), BO (OR=3.0; 95% Cl: 1.5-6.2) and OAC (OR=4.1; 95% ClI:
1.8-9.7) than in controls. The G allele is associated with reduced EGF expression and increased risk for RO, BO and OAC
development. This indicates that reduced mucosal protection resulting from genetically decreased EGF expression enhances

esophageal tumor development.
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INTRODUCTION

Esophageal adenocarcinoma (OAC) is rising faster than any other
epithelial malignancy in the Western world since 1970.! OAC fre-
quently arises from reflux esophagitis (RO) and Barrett’s esophagus
(BO), a chronic inflammatory condition characterized by a change in
the normal esophageal epithelium into intestinal metaplasia as a result
of persistent severe reflux,”™* and genomic instability.”

Several twin studies have provided evidence for a genetic compo-
nent in RO.%7 The presence of an inherited genetic component
impacting on the individual predisposition to develop BO has been
accumulated over the last three decades,® and the only predisposing
factor in families with BO and OAC seems to be RO.>10

The stratified squamous epithelium of the healthy esophagus
possesses a variety of intrinsic defenses that enable it to resist acid-
peptic reflux, divided in pre-epithelial defense, epithelial defense and
post-epithelial defense.!'?> Growth factors such as epidermal growth

factor (EGF) and transforming growth factor-o are associated with
epithelial proliferation and restitution that are the two key mechan-
isms involved in esophageal epithelial defense against acid, maintain-
ing epithelial integrity and enabling rapid repair after injury.!?
Multiple signaling pathways are activated by binding of transforming
growth factor (TGF)-o. and EGF with their receptor EGFR,'*!
resulting in proliferation and differentiation of epithelial tissues.'®!”

Basal EGF levels are in part determined at genetic level, and
variation at a single-nucleotide polymorphism (SNP) within the
EGF gene has been associated with altered EGF production.!® This
SNP in the 5" UTR of the EGF gene has been associated with the risk
of various tumors, such as OAC, gallbladder cancer, ovarian cancer
and gastric cancer.!°22 For all three malignancies, it was reported that
hetero- and homozygous G allele carriers had an increased risk for
cancer compared with non-carriers. However, these associations were
in contrary to others that showed an increased risk for A allele carriers
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with renal cell carcinoma, gastric cancer and esophageal squamous cell
carcinoma,!$21,23

Several studies have reported on the expression of TGF-o, EGF and
EGEFR in the human esophageal mucosa, both at the level of RNA and
at protein level.?*>” EGF expression in BO was significantly higher
compared with both squamous epithelium and gastric mucosa, while
EGF expression was depleted in RO.2* BO showed local EGF expres-
sion and an overexpression of both TGF-a and EGFR suggesting a
deregulation of important proliferation control mechanisms in these
epithelial cells. EGFR overexpression in OAC correlated with advanced
pathologic tumor classification and lymph node metastasis.?®

BO is an ideal model to study cancer genetics, and EGF is suggested
to be involved in esophageal cancer development.?® We postulated that
the functional EGF 5 UTR G allele is associated with individual
susceptibility for RO, BO or OAC, and affects local EGF expression in
the esophagus.

MATERIALS AND METHODS

Study design

Between November 2002 and March 2006, all subsequent patients with RO, BO
and OAC who visited the endoscopy unit of the Erasmus MC—University
Medical Centre Rotterdam or the IJsselland Hospital, Capelle aan den IJssel
were invited to participate in this study. The overall response rate was 85%.
Participants underwent upper endoscopy for evaluation of reflux-related
symptoms, surveillance of BO, or odynophagia or dysphagia. The presence of
RO was confirmed at endoscopy, and the length of any columnar-lined segment
was determined by measuring the distance between the squamo-columnar
junction and the proximal margin of the longitudinal gastric folds. Participants
were only included if they had (i) RO without the presence of BO, (ii) BO
defined as a columnar-lined segment in the esophagus of >2 cm in length with
specialized intestinal metaplasia at histology found in at least one of the
biopsies or (iii) OAC defined at histology as an adenocarcinoma in BO or at the
gastro-esophageal junction with >50% of the tumor mass in the esophagus.
The response rate of the patients was 86.3%. Not all biopsies fitted the above-
mentioned histological criteria, therefore ~50% of RO patients could be
included, 90% of BO patients and 95% of OAC patients.

Between October 2004 and April 2005, healthy volunteers (referred to as
normal controls) were recruited from the general population of general
practitioners practices. Subsequent adult patients visiting the participating
general practices were examined by means of a validated questionnaire. Subjects
were eligible for inclusion if they never had reflux complaints, retrosternal pain,
or regurgitation, nor used antacids, H2-receptor antagonists or proton pump
inhibitors. We performed age, sex and race frequency matching during the
selection of controls. The response rate was 48.9%.

All individuals of the four study groups donated 10 ml of whole blood.

The study was approved by the local institutional review boards of both
participating hospitals. All participants were genetically unrelated Dutch
Caucasian people, and aged over 18. Before inclusion, all participants signed
a written informed consent.

Genotyping of the EGF 5" UTR polymorphism

Genomic DNA was extracted from 5 ml of whole blood by standard procedures
(Wizard Genomic DNA Purification kit; Promega, Madison, WI, USA). SNP
analysis of EGF (+61A/G) genotypes was performed by a technician unaware of
the clinical findings for these patients on 20 ng DNA (Kbiosciences, Herts, UK)
with a competitive allele-specific PCR system>® using primers designed in the
flanking region of SNP CAAGGGTTGT[A/G]GCTGGAACTTTCCATCAGT
located at position +61 in the 5" UTR (rs4444903).

Immunohistochemical analysis of EGF

The local institutional review board only allowed us to use remnants of routine
biopsy samples from the Erasmus MC—University Medical Centre Rotterdam.
From the 246 BO patients who participated in this study, only 37 BO patients
had sufficient high-quality biopsy material of the BO segment left to allow an
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immunohistochemical study of esophageal EGF and EGFR expression. Paraffin
samples were cut at 4 um, deparaffinized in xylene, hydrated using a graded
series of alcohol, and stained with hematoxylin and eosin. The two sequential
paraffin slides directly following the slide used for histological evaluation were
used for EGF and EGFR analysis. The local institutional review board did not
allow extensive testing for the presence of EGF and EGER levels in OAC biopsy
samples, because a preliminary screening (see results) of four samples revealed
that overexpression of both EGF and EGFR was to be expected in all OAC
samples. For EGF staining, endogenous peroxidase activity was inactivated with
0.3% H,0, in 100% methanol for 30 min. Subsequently, antigen retrieval was
performed by boiling the slides in 10 mm monocitric acid (pH 6.0) for 15 min,
and allowing them to slowly cool down to room temperature. Antigen retrieval
for EGFR was performed by 5min incubation with Prot K at room tempera-
ture, followed by one washing with ice-cold sterile PBS. The slides were then
blocked with 10% normal human plasma for 20 min at room temperature. The
sections were stained using a primary antibody against EGF (anti-EGF clone
EGF-10; 1:200 dilution; Sigma, St Louis, MO, USA) or EGFR (anti-EGFR clone
F4; 1:250 dilution; Sigma). Binding of the primary antibody was visualized by
the addition of anti-mouse Envision labeled with horseradish peroxidase
(DAKO, Glostrup, Denmark).

Two independent observers (VM and KvZ) evaluated the sections of the EGF
and EGFR stainings, while blinded for the score of the other observer, and
unaware of the patient characteristics and genotype. To determine EGF and
EGER expression, the number of stained cells was scored per microscopic field
as 0 (negative), 1 (mild, 1-100 positive cells per field) and 2 (strong, >100
positive cells per field). The slides were evaluated using a Zeiss microscope
(Axioskop 20, Carl Zeiss, Sliedrecht, The Netherlands) with a standard
magnification (200x), and the images were recorded with a Nikon camera
(DS-5M-U1) and Nikon Eclipse Net 2000 software (Nikon, Badhoevedorp, The
Netherlands). The mean variation in scores between observers was found to be
< 5%, and the average of the two observations was used to analyze the relation
with the EGF genotypes.

Statistical analysis

The study was powered (80%) to allow detection of a 10% difference in allele
distribution between the patient groups (significance level 5%). Differences
between allele distributions of the EGF 5° UTR polymorphism, as well as
differences between the patient groups in number, age and sex were determined
by y? analysis. Age and sex-corrected odds ratios (OR) and 95% confidence
intervals (95% CI) were calculated for the association between healthy controls
and RO, BO or OAC, respectively, by logistic regression analysis. Disease
causality was calculated with ordinal regression for the RO-BO-OAC cascade
in relation to sex. The mean immunohistochemical EGF expression was
compared between the three genotypes with analysis of variance. A difference
between the median immunohistochemical EGF expression per genotype was
calculated with the Wilcoxon non-ranked sum test. A two-sided P-value <0.05
was considered to be statistically significant. All statistical analyses were
conducted with the SPSS software package v11.1 (SPSS, Chicago, IL, USA).

RESULTS

Patient characteristics
In total, 871 participants were included; 198 controls, 298 RO, 246 BO
and 129 OAC patients. Table 1 shows that male gender was more

Table 1 Characteristics of the study population

Patient data Control RO BO? OAC
Number 198 298 246 129
Age (£s.d.) 56+15 55+ 14 6112 6310
Male (%) 57.6 54.7 67.9 82.2
Length of BO segment (cm) ND 0 39+2.1 ND

Abbreviations: BO, Barrett's esophagus; EGF, epidermal growth factor; EGFR, epidermal
growth factor receptor; ND, not determined; OAC, esophageal adenocarcinoma; RO, reflux
esophagitis.

237/246 biopsy specimens were stained for EGF and EGFR.
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common in BO and OAC than among controls and RO patients.
On average, patients with BO and OAC were older than controls and
RO patients. When comparing the OAC with the BO group, slightly
higher age and higher prevalence of males were found in the
OAC patients.

G/G genotype is more prevalent among RO, BO and OAC patients
Using controls as a reference, the association of an EGF polymorphism
was tested for RO, BO or OAC patients. Allele frequencies for the EGF
5" UTR polymorphism among the 198 controls were 32.8% (G) and
67.2% (A), respectively. The allele frequency of the major allele (A)
was 60.9% in RO, 59.3% in BO and 58.1% in OAC.

The distribution of genotype frequencies for the polymorphism
investigated was consistent with Hardy—Weinberg equilibrium in both
the patient and control groups (P>0.05). Comparing the patient
groups with the controls showed that EGF G/G homozygosity was
observed more frequently in RO (OR=2.62; 95% CI: 1.33-5.15),
BO (OR=2.85; 95% CI: 1.42-5.75) and OAC (OR=3.12; 95% CL
1.42-6.85) compared with controls. The adjustment for age and sex
showed that EGF 5" UTR G/G homozygosity was significantly more
common in RO (OR=2.61; 95% CI: 1.32-5.15), BO (OR=3.04; 95%
CL: 1.49-6.17) and OAC (OR=4.12; 95% CI: 1.76-9.65) compared
with the controls (Figure 1). There was no significant difference in the
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Figure 1 Distribution of the polymorphism in the EGF (position +61) gene
demonstrated for the four study groups. The comparison of the odds ratios
(OR) shows an increased risk for the development of RO, BO and OAC, with
P-values of 0.006 (RO), 0.002 (BO) and 0.001 (OAC), respectively, in the
homozygous G/G group compared with the healthy controls. A clear shift
from the A-allele (dark gray) in the control group towards the G allele (white)
in the RO, BO and OAC groups can be observed in the bars.
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frequency distribution of EGF G/G genotype in BO versus RO
(OR=1.00; P=0.74), in OAC versus RO (OR=1.46; P=0.35) and
OAC versus BO (OR=1.19; P=0.65). Figure 1 shows that the
frequency of A/A genotype decreases gradually for RO, BO and finally
for OAC, while there is a clear increase for the G/G genotype
frequency. This G allele shift taken together with the odds ratios for
RO (P=0.006), BO (P=0.002) and OAC (P=0.001) indicates that the
G/G genotype is predominantly associated with the presence of RO,
BO and OAC.

Risk stratification was calculated for RO, BO and OAC patients
together named reflux-associated disease with the controls as a
reference. The EGF A/G genotype frequency did not differ between
diseased patients and controls (OR=1.05; 95% CI: 0.74-1.49). How-
ever, EGF G/G homozygosity was observed more frequently in the
diseased group (OR=2.76; 95% CI: 1.45-5.24; P=0.002).

The EGF polymorphism in BO is associated with sex

The ordinal regression model was used to test for sex-specific
differences in disease stage distribution between the EGF 5 UTR
genotypes.

Figure 2 shows the distribution of the three genotypes for RO, BO
and OAC in male (Figure 2a) and female (Figure 2b) patients. The y
axis represents the chance of disease development in percentages and
on the x axis the age is shown. The three genotypes are grouped per
disease as lines of colored symbols. Females with RO cross all BO
genotypes around the age of 80, with the G/G genotype for RO and
BO crossing at younger age (RO: dark blue, BO: yellow, OAC: deep
red) (Figure 2b). This suggests that females with RO and the G/G
genotype have a stronger causative relation with BO than the A/A and
A/G genotype. BO and the OAC genotypes never cross before the age
of 80, which means that there seems no current causality between BO
and OAC in females, but the causality between these diseases could
appear at a higher age.

Males with RO cross BO at the age of ~55, and do so at a younger
age than males with an A/G or A/A genotype (G/G-RO: dark blue
-BO: yellow -OAC: deep red). The development of BO towards OAC
appears at ~ 80 years of age, with the G/G genotype crossing some
years earlier than the A/A and A/G genotypes (Figure 2b). These
results indicate that male RO patients with an EGF 5" UTR G/G
genotype have an increased risk for BO and OAC development, as a
RO-BO-OAC disease cascade.
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Figure 2 Ordinal regression model for the causality of esophageal disease in males (a) and females (b). The RO-BO-OAC cascade represents a causal
relation when the lines cross. The age is shown on the x axis and the chance of developing esophageal disease is shown as percentage on the y axis. (a) Male
patients develop RO from BO around the age of 60, and OAC from BO around the age of 80. The G/G genotype crosses the RO-BO line and BO-OAC line at
the youngest age. (b) The genotypes for RO and BO in females cross around the age of 80 years, and the G/G genotype (RO—dark blue squares with BO—
yellow squares) crosses at younger age when compared with the A/A and A/G genotype. The genotype lines for BO and OAC in females never cross.
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Figure 3 shows the distribution of the three genotypes per disease as
A/A with red squares, A/G with green squares and G/G with blue
squares. The y axis represents the predicted probability for disease in
percentages and on the x axis the age is shown. All lines are double and
to be separated in males (top) and females (bottom). The G/G
genotype is associated with a higher probability for the development
of RO (Figure 3a), BO (Figure 3b) and OAC (Figure 3c). Comparing
all female graphs with the male graphs for BO and OAC points out
that females form similar curves as males, but 20 years of age later
(Figures 3a—c).

EGF expression in BO in relation to genotype

EGF and EGFR expression might influence development of RO, BO or
OAC. Therefore, the variation of EGF and EGFR expression in BO
biopsies per genotype was determined (Figure 4). EGF staining was
observed in the cytoplasm of epithelial cells and inflammatory cells.
BO biopsies varied in EGF expression (Figures 4a—c) and all OAC
biopsies tested showed a strong EGF expression in the tumor (data not
shown).

The EGF staining was negative in 0% of A/A, 5% of A/G and 43%
of G/G patients. The positive biopsies displayed mild staining in 38%
of A/A, 68% of A/G and 57% of G/G patients. Strong EGF expression
was found in 62% of A/A, 27% of A/G and 0% of G/G patients. The
mean EGF expression (analysis of variance, P=0.067) did not differ
between the three genotype groups (A/A, A/G and G/G). However,
comparisons of EGF expression among A/A versus A/G (P=0.13), A/G
versus G/G (P=0.032) and A/A versus G/G (P=0.0093) genotype
carriers showed that the carriage of the G allele was associated with a
significantly lower local EGF expression (Figure 5a).

EGER expression is known to be present in (pre-) malignant tissues.
Strong EGFR expression was observed in near to all biopsies of our BO
cohort (28/33) (Figures 4d—f). The EGF expression was calculated for
37 biopsies, but 4 stains of the EGFR slides were unreliable and taken
out of the calculations. The median EGFR expression per EGF
genotype (A/A versus G/G, P=0.83) showed no significant difference
(analysis of variance, P=0.094) (Figure 5b).

DISCUSSION

Persistent severe gastro-esophageal reflux of gastric acid and bile is
associated with the development of RO and BO, which are the main
risk factors for developing OAC.>* As EGF/EGFR has been implicated
in the progression of BO into OAC,*! the EGF genotype may serve as a
biomarker to assess the risk of malignant transformation in surveil-
lance programs for patients with BO.

The EGF (4+61A/G) polymorphism is associated with individual
risk of esophageal, gastric, gall bladder, ovarian and renal cell cancer
in a variety of studies.!®2132 Our study shows an association
between the functional EGF 5° UTR G allele and RO-BO-OAC
development.

The EGF 5 UTR G allele frequency showed a significantly increased
odds ratio of 2.6 for RO, 3.0 for BO and 4.1 for OAC, and the 5* UTR
G allele was found to be closely associated with local lower EGF
expression levels in BO. The reduced EGF production in the G/G
genotype could therefore mediate the development of BO and OAC.
To our knowledge, we are the first to show the association of the
functional EGF G/G genotype with both an enhanced chance of RO,
BO and OAC development, and a decreased EGF expression in BO
tissue.

A hospital-based case—control study on the association between
genetic polymorphisms first needs large subgroups to show an
association. For that purpose, we sampled groups of patients that by
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Figure 3 Logistic regression of the EGF (+61A/G) gene for the RO, BO and
OAC development of male and female patients. The age is shown on the x
axis and the predicted probability of esophageal disease is shown as
percentage on the y axis. The G/G genotype (blue lines) is associated with
an increased risk for RO, BO and OAC. For all instances, the upper line
represents the male individuals and the lower line the female patients. Note
that the lines representing female patients follow the same pattern as the
male curves but seem shifted in time by ~20 years.
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Figure 4 Typical examples of the EGF and EGFR expression. EGF was scored as O (negative), 1 (mild, 1-100 positive cells per microscopic field) and 2
(strong, >100 positive cells per microscopic field) on BO tissue of patients from our BO polymorphism cohort. (a) Negative staining for EGF on BO tissue.
(b) Mild EGF staining (brown) of metaplastic epithelial cells and submucosal inflammatory cells is alternated by blue epithelial and inflammatory cells.
(c) EGF staining is strongly present in all metaplastic epithelial cells and in most inflammatory cells. (d) Negative staining for EGFR on BO tissue. (e) EGFR
staining (brown) of metaplastic epithelial cells is present in RO tissue (left) and BO tissue (right). (f) The EGFR staining is strongly present in all OAC

metaplastic epithelial cells and also in BO tissue.

comparison with other papers are substantial, but confirmation and
validation with further studies is needed.

The allele frequencies in the control cohort we used to test this
polymorphism was close to equal with the frequencies reported for the
European HapMap population.>® Eventually, all men at higher age
develop RO, BO and OAC, as shown in our ordinal regression model.
As a consequence, the control group has fewer male cases and
a slightly younger age, while older males had RO complaints. The
RO-BO-OAC disease cascade is thought to progress more often and
faster in males than in females.** This suggests a stronger correlation
between causative agents and disease in males than in females, as we
showed in the present study with the ordinal regression model.

The number of BO biopsy samples that was available in sufficient
quantities for use in our immunohistochemical EGF expression study
was small (n=37); we did, however, observe a significantly lower EGF
expression in the G/G genotype compared with A/G or A/A carriers
(P=0.0093). The precise mechanisms underlying the EGF gene inter-
action in BO and OAC risk are probably complex. Previous studies
first showed that the studied EGF polymorphism was functional and
associated with EGF serum levels. The G allele was linked to elevated
EGF production in lymphocytes of malignant melanoma patients,
and serum of patients with gastro-esophageal reflux disease.!® Second,
low EGF serum levels may increase the risk of renal cell carcinoma.'®
In this study, we found that there was a significantly lower EGF
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expression in BO cases carrying G/G homozygote than the A/A or A/G
carriers.

As EGF is abundant in saliva and esophageal mucosa, serum EGF
levels may not entirely reflect the endoluminal milieu of the esopha-
gus. Indeed, a study on the local EGF expression in RO, BO and OAC
indicates that EGF was depleted in RO, the EGF expression of BO
epithelium was mostly superficial and EGF overexpression was
observed in all histological OAC samples.?* These observations are
very similar to our findings and support our hypothesis that a
genetically predetermined decreased EGF expression results in an
increased risk for RO, BO and OAC development.

EGEFR expression was observed intracellular in RO, BO and OAC, as
shown in previous studies.”® The finding of EGFR overexpression in
all BO biopsies is in line with the previously reported EGFR over-
expression in a wide variety of cancers of the gastrointestinal tract.>¢-3#
High EGFR levels might well represent a negative feedback loop
resulting from low EGF levels. This would suggest that elevated
EGEFR levels could be an indirect result of gastrointestinal neoplasia
and cancer development,®® rather than a direct trigger for neoplastic
development.*? That high EGFR levels not likely cause tumor devel-
opment is further supported by the finding that EGFR overexpression
in OAC is associated with advanced pathologic tumor classification
and lymph node metastasis,® but not with an increased risk for tumor
development or survival. In line with this, a previous study showed
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Figure 5 The median immunohistochemical EGF and EGFR scores in a
subset of the BO cohort are presented in the boxplot. (a) The G/G genotype
shows a significant lower local EGF expression in BO epithelium compared
with the A/A and A/G carriers. The A/A genotype significantly expresses more
EGF than the A/G carriers. (b) The EGFR staining is not significantly
different between the three genotype groups.

that not EGFR but the TGF- expression differentiated between the
survival of esophageal cancer patients.*! Finally, an EGF/EGFR peptide
array study demonstrated that EGF activation is significantly more
prominent in squamous epithelium than in BO, concluding that EGF
is an important growth factor for normal esophageal tissue regulation
through binding with EGFR. Although the EGFR expression is
stronger in BO compared with squamous epithelium, the activation
of EGFR in BO is lower.*? This suggests that EGFR is a major receptor,
but the growth factors EGF and TGF-f determine the outcome of
disease. The decreased EGF activity in the esophagus could therefore
trigger the promotion of a tumor environment, thereby either directly
or indirectly affecting the risk for OAC development.*243

In conclusion, we demonstrate that the homozygous G/G genotype
of the EGF 5" UTR polymorphism is associated with a significant
decrease in local EGF levels and an increased risk for the development
of RO, BO and OAC. The genetically determined decreased EGF levels
could result in less EGFR activation, leading to neoplastic changes, like
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RO, BO and OAC, but this hypothesis needs validation in other
independent cohorts.
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