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Abstract 

Background: Despite the efforts to describe the molecular landscape of esophageal adenocarcinoma (EAC) and 
its precursor lesion Barrett’s esophagus (BE), discrepant findings are reported. Here, we investigated the prevalence 
of selected genetic (TP53 mutations and microsatellite instability (MSI) status) and epigenetic (DNA promoter hyper‑
methylation of APC, CDKN2A, MGMT, TIMP3 and MLH1) modifications in a series of 19 non‑dysplastic BE and 145 EAC 
samples. Additional biopsies from adjacent normal tissue were also evaluated. State‑of‑the‑art methodologies and 
well‑defined scoring criteria were applied in all molecular analyses.

Results: Overall, we confirmed frequent TP53 mutations among EAC (28%) in contrast to BE, which harbored no 
mutations. We demonstrated that MSI and MLH1 promoter hypermethylation are rare events, both in EAC and in BE. 
Our findings further support that APC, CDKN2A, MGMT and TIMP3 promoter hypermethylation is frequently seen in 
both lesions (21–89%), as well as in a subset of adjacent normal samples (up to 12%).

Conclusions: Our study further enlightens the molecular background of BE and EAC. To the best of our knowledge, 
this is one of the largest studies addressing a targeted analysis of genetic and epigenetic modifications simultane‑
ously across a combined series of non‑dysplastic BE and EAC samples.
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Background
Esophageal cancer is the tenth most commonly diag-
nosed cancer worldwide causing more than 540,000 
deaths annually [1]. Esophagectomy, combined with 
neoadjuvant radiochemotherapy or chemotherapy, is the 
mainstay of treatment of resectable tumors. The overall 

5-year survival is 20% increasing to nearly 60% in the 
subgroup of patients undergoing surgery [2]. However, at 
the time of diagnosis, around 3/4 of the patients are not 
eligible for surgery due to either too advanced malignant 
disease or comorbidities.

The two major histological subtypes of esophageal 
cancer, squamous cell carcinoma and adenocarcinoma 
(EAC), are characterized by distinct etiologic factors 
and patterns of incidence and differ not only histo-
logically but also in their underlying molecular char-
acteristics [3]. The incidence of EAC has increased 
in Western countries, where it currently represents 
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around two-thirds of all esophageal cancers [1]. Most, 
if not all, EAC arise from a metaplastic lesion termed 
Barrett’s esophagus (BE), whereby the squamous epi-
thelium of the lower esophagus is replaced by spe-
cialized columnar intestinal epithelium, typically as a 
consequence of chronic gastroesophageal reflux. BE 
may subsequently progress into EAC through a multi-
step sequence involving increasing grades of dysplasia 
[4]. BE is therefore a well-recognized risk factor for the 
development of EAC, although only a small proportion 
of patients (< 1%) with non-dysplastic BE develops can-
cer [5].

Key genetic modifications including chromosomal 
instability, copy number alterations and mutations have 
been identified in EAC [6–8]. As for other solid can-
cer types, the TP53 tumor suppressor is by far the most 
recurrently mutated gene in EAC, with reported frequen-
cies from 7 to 83% [6, 9–20]. TP53 mutations are rarely 
found in BE with no history of disease progression [7, 
21], but they have been reported in dysplastic BE as well 
as in non-dysplastic BE adjacent to EAC [6, 8].

In addition to genetic aberrations, epigenetic altera-
tions contribute to esophageal malignant transformation 
and tumor progression. These include histone modifica-
tions, aberrant expression of noncoding RNAs and DNA 
methylation alterations. Hypermethylation of selected 
gene promoters is observed already during the formation 
of non-dysplastic BE. Array-based methylation studies 
support that such DNA methylation changes are early 
events in EAC development, based on similar aberra-
tions among BE and EAC, which are not found in nor-
mal squamous mucosa [22–24]. Among hypermethylated 
genes in EAC are APC, CDKN2A, HPP1, RUNX3, MGMT 
and TIMP3, which differ in the reported methylation fre-
quencies [25–33].

In contrast to other gastrointestinal cancers, MLH1 
promoter hypermethylation is infrequent in EAC [26, 34, 
35]. Somatic hypermethylation of the MLH1 promoter 
with consequent loss of protein expression is the main 
cause of defective mismatch repair during DNA replica-
tion in most sporadic tumors. As mismatch repair defects 
lead to microsatellite instability (MSI), this condition is, 
following MLH1 promoter hypermethylation, expected 
to be rare in EAC. Only a limited number of studies have 
addressed MSI status in BE and EAC, reporting incon-
sistent frequencies [16, 36–41].

Despite the efforts to describe the genetic and epige-
netic landscape of EAC, discrepant findings are reported. 
Many of the studies in the field also rely on the analysis 
of relatively restricted cohort sizes. In the present study, 
we have investigated the prevalence of core genetic 
(TP53 mutations and MSI status) and epigenetic (DNA 
promoter hypermethylation of APC, CDKN2A, MGMT, 

TIMP3 and MLH1) modifications in a cohort of non-dys-
plastic BE and a large series of EAC samples.

Results
An overview of the results is shown in Fig. 1, and detailed 
information about the sample selection process is illus-
trated in Fig. 2.

Frequency, location and type of TP53 mutations
TP53 mutations detected in BE and EAC are shown in 
Fig.  3 and listed in Additional file  1: Table  S1. A silent 
mutation with no amino acid change was detected in one 
BE (patient 13), which was classified as TP53 wild type 
and therefore not considered as a mutation hereafter. The 
same silent mutation was detected in one EAC (patient 
94), but this sample was still considered altered due to 
the presence of another TP53 mutation.

Overall, none of the BE harbored TP53 mutations, 
whereas 30 out of 108 (28%) EAC samples carried muta-
tions. One of the EAC samples (patient 83) harbored 
two different mutations. Seven of a total of 31 mutations 
(23%) were indels, while the rest were point mutations 
leading to amino acid substitution (missense mutation), 
four of them involving a stop codon (nonsense muta-
tions). The 31 TP53 gene mutations were distributed as 
follows: five in exon 4, five in exon 5, five in exon 6, seven 
in exon 7 and nine in exon 8. No mutation was found in 
exons 2–3 or 9–11. G:C to A:T single-base transitions 
were predominant among point mutations (21 out of 
24 mutations, 88%), eleven of which occurred at CpG 
dinucleotides.

A significant association was observed between TP53 
mutations and increased age (p = 0.021, Wilcoxon’s test) 
and between TP53 mutations and gender (p = 0.0027, 
Fisher’s exact test). In addition, neoadjuvant treatment 
of EAC patients was found to be significantly associated 
with the absence of TP53 mutations (p = 0.045, Fisher’s 
exact test; Additional file 1: Table S2). Age is associated 
with the decision of treating patients with neoadjuvant 
therapy (p = 3.4 ×  10–10). As age is a confounding fac-
tor when testing for potential association between TP53 
mutation and neoadjuvant treatment, the patients were 
stratified into two subgroups, > 75 (n = 20) and ≤ 75 years 
old (n = 88). No significant association was found 
between TP53 mutations and neoadjuvant treatment in 
these subgroups.

MSI status and MLH1 promoter hypermethylation
None of the BE lesions and seven out of 108 tumors (6%) 
showed MSI. Of the MSI tumors, three were scored as 
having high degree of MSI (MSI-H) and four as having 
low degree of MSI (MSI-L). All three MSI-H tumors 
had hypermethylated MLH1 promoters (p = 4.9 ×  10–5, 
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Fisher’s exact test). Among the microsatellite sta-
ble (MSS) samples, three BE (16%) and one EAC (1%) 
showed MLH1 promoter hypermethylation. Methylation 
frequencies are shown in Fig. 1 for BE and EAC samples, 
and in Additional file  1: Table  S3 for normal samples 
matching EAC. The distribution of MLH1 PMR values 
is illustrated in Fig.  4. No significant associations were 
found between MSI-H status or MLH1 promoter hyper-
methylation and clinicopathological data.

Promoter methylation frequencies of APC, CDKN2A, MGMT 
and TIMP3
We examined the promoter DNA methylation status of 
four genes (APC, CDKN2A, MGMT and TIMP3) in addi-
tion to MLH1. The distribution of PMR values is illus-
trated in Fig. 4. A subset of normal samples adjacent to 
EAC (up to 12%) harbored promoter hypermethylation. 
For each gene, the promoter methylation frequency 
was significantly higher in BE or tumor samples (Fig. 1) 
compared to the tumor adjacent normal counterpart 

(Additional file  1: Table  S3) (p < 0.05, Fisher’s exact test 
if BE vs normal and McNemar’s test if EAC vs normal). 
Three BE (16%) and 8 EAC (7%) samples showed hyper-
methylation of all four genes simultaneously (Fig. 1).

The PMR values for individual genes in BE and EAC 
patients are shown in Fig.  5. Seventeen EAC patients 
(16%) had lower PMR values in the tumor compared with 
the matching adjacent mucosa for at least one gene. Nine 
of them (8% of all EAC patients) presented promoter 
hypermethylation in adjacent mucosa but not in the 
tumor for one or two of the genes. All but one of these 
pairs had other aberrations (mutations or hypermethyla-
tion) in the tumor sample, and pentanucleotide marker 
controls included in MSI analysis confirmed that EAC 
samples and normal counterparts belonged to the same 
patient. A single tumor presented no alterations (patient 
103) despite a 20–30% tumor cell content.

A significant association was observed between APC 
promoter hypermethylation and male gender (p = 0.035, 
Fisher’s exact test) in BE patients. In EAC patients, a 

Fig. 1 Summary of genetic and epigenetic alterations in BE (n = 19) and EAC (n = 145) samples. TP53 silent mutations with no amino acid change 
are not presented as alterations. In one sample (patient 83), two TP53 missense mutations were found. All samples with no or a low percentage of 
tumor cells (< 5%; n = 37) have been removed from the main data set (see Fig. 2), and the molecular alterations found in these samples are shown 
separately in the gray box. These samples were not used for determination of alterations frequencies. (*For MSI, the percentage refers to MSI‑H 
tumors only.)
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significant association was found between CDKN2A, 
MGMT or TIMP3 promoter hypermethylation and 
tumor location (p = 0.034, p = 0.0070 and p = 0.013, 
respectively, Fisher’s exact test). In addition, a signifi-
cant association was observed between TIMP3 and age 
(p = 0.036, Wilcoxon’s test) or tumor stage (p = 0.011, 
Fisher’s exact test). The use of neoadjuvant treatment 
and the absence of CDKN2A or TIMP3 promoter meth-
ylation were also found to be statistically associated 
(p = 0.043 and p = 0.0034, respectively, Fisher’s exact test; 
Additional file  1: Table  S2) when including all patients. 
However, these associations did not remain significant 
when patients were stratified by age.

Discussion
Description of molecular alterations in EAC is abundant 
in the literature, but discrepancies regarding frequency 
of these alterations have been observed across studies. In 
the present work, we analyzed key molecular features in 
a cohort of non-dysplastic BE and a large series of EAC 
tissue samples using robust methodologies and well-
defined scoring criteria. Overall, our results confirmed 
frequent TP53 mutations among EAC in contrast to non-
dysplastic BE lesions, which harbored no mutations. Our 
findings also support that promoter hypermethylation is 
an early event in the multistep progression of EAC and 

frequently seen in BE. Finally, we demonstrated that MSI 
and MLH1 promoter hypermethylation are rare events in 
both lesions.

The series of EAC samples analyzed here was selected 
to be representative of the population operated for EAC 
at our institution, in terms of both neoadjuvant treatment 
status and of tumor-stage prevalence. As expected, many 
of the EAC samples with no detected molecular altera-
tions had no or low tumor cell content (< 5%; n = 32), 
demonstrating the value of histopathological evaluation. 
These samples were left out when mutation and methyla-
tion frequencies were calculated, but otherwise kept in 
order to report the unbiased results of a representative 
series. Among the cases not evaluated by histopathol-
ogy, but with one or more molecular alterations (Fig. 2), 
the percentage of EAC samples with no or low tumor cell 
content would be expected to be lower than the evalu-
ated cases. However, we cannot rule out that some of 
these EACs might have a lower tumor percentage than 
the limit of detection of the various molecular analyses, 
potentially lowering the frequencies reported.

Among molecular abnormalities in EAC, mutation 
of TP53 tumor suppressor is one of the most common. 
We detected TP53 mutations in 28% of the tumors, 
while most of the previous studies reported mutation 
frequencies above 40% [6, 9–11, 13, 16, 17, 20]. Some of 
this mutation frequency discrepancy may be explained 
by treatment status. In the present study, we found that 
tumors from treatment-naïve patients had 44% TP53 
mutations, which is closer to the frequencies reported in 
other studies including treatment-naïve patients only [11, 
16]. In contrast, neoadjuvant treated tumors harbored 
only half as many mutations. The lower TP53 mutation 
frequency reported here may therefore be an effect of 
the sample series composition. In addition, we cannot 
exclude that some TP53 mutations may have been missed 
due to the limit of detection in Sanger sequencing analy-
ses. Although the number of studies on non-dysplastic 
BE is more limited, TP53 mutations have been detected 
in this lesion when resected from tissue adjacent to the 
tumor [6, 8], while they are rarely found in non-dysplastic 
BE of patients who have never developed cancer [7, 21]. 
In line with these observations, TP53 mutations were not 
found in our series of non-dysplastic BE samples.

Here, all exons constituting the coding region of the 
canonical p53 protein (exons 2–11) were covered. Most 
of the previous studies span only exons 5–8, the region 
coding for p53 DNA-binding domain. However, although 
rare, mutations outside this region and in particular in 
exon 4 occur in EAC [11, 13, 20], as well as in other can-
cer types [42]. In the present study, 16% of the detected 
mutations were found in exon 4. These findings demon-
strate the importance of analyzing regions outside exons 

Fig. 2 Flow diagram illustrating EAC samples selection process. One 
hundred and forty‑five EAC patients were subjected to targeted 
molecular profiling, among which 37 were removed from the main 
data set due to the absence of tumor or low tumor cell content 
(< 5%). Only samples from 108 patients were used for determination 
of alterations frequencies
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5–8 and suggest that mutations of TP53 in exon 4 may 
also play a role in EAC development. To the best of our 
knowledge, all of the point mutations identified in our 
study were previously described in EAC [10–13, 15, 17, 
19, 20, 43], with the exception of S127P, P128H (both in 
patient 83), Q136* (patient 51), T211I (patient 81) and 
Y220C (patient 62). Codon 220 has been reported as a 
“hotspot” for TP53 mutations in other types of cancers 
[42].

MSI has also been investigated in EAC by others. Dif-
ferences in the number and nature of the evaluated 
markers, as well as in scoring criteria, may contribute to 
discrepancies in MSI prevalence observed across stud-
ies [16, 36–41]. Based on the markers recommended by 
the National Cancer Institute [36, 37, 39, 41], we found 
no BE MSI cases and low MSI-H frequency in EAC (3%). 
In sporadic colorectal cancer, the MSI phenotype is asso-
ciated with MLH1 promoter hypermethylation, which 
is the most common mechanism of MLH1 silencing in 
this cancer type [44]. These events have also been related 
in EAC [34, 37]. Here, we observed a low frequency of 
MLH1 hypermethylation (5%), in agreement with the 

low prevalence of MSI. We further showed that MLH1 
promoter is hypermethylated in all MSI-H cases. On 
the other hand, only one of the MLH1 hypermethylated 
tumors was MSS, in line with the small fraction (< 10%) 
observed in sporadic colorectal tumors [44, 45]. Interest-
ingly, among the samples with MLH1 promoter hyper-
methylation, MLH1 PMR values were considerably lower 
in BE samples than in EAC. This may reflect the pre-neo-
plastic nature of BE lesions. Since all of the BE samples 
were scored as MSS, they clearly have a functioning mis-
match repair system, indicating that the reported pro-
moter methylation level for MLH1 was not high enough 
to inactivate it.

We showed frequent promoter hypermethylation 
for most genes both in non-dysplastic BE and in EAC. 
In BE, these observations may be a consequence of the 
prolonged exposure to gastroesophageal reflux, causing 
an inflammatory environment and tissue damage, often 
related to epigenetic alterations. Similarities in the meth-
ylation profiles of BE and EAC have been documented in 
several array-based methylation studies, including both 
non-dysplastic and dysplastic BE [22–24]. Interestingly, 

Fig. 3 Graphical representation of TP53 mutations identified in BE and EAC samples. The entire TP53 coding region (exons 2–11) was analyzed by 
Sanger sequencing, and mutations were found across exons 4–8. The silent mutation R213R found in one BE (patient 13) and one EAC (patient 94) 
sample was classified as TP53 wild type
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Fig. 4 PMR values distribution in BE (n = 19), EAC (n = 108) and respective normal adjacent mucosa (N). The thresholds for scoring the samples as 
methylated were set according to the highest PMR value across the normal mucosa matching BE samples. These thresholds were determined for 
each gene independently and are marked by dotted red lines
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promoter methylation frequencies were higher in BE 
than in EAC for all genes except CDKN2A. Such high 
methylation frequencies in non-dysplastic BE samples 
have also been previously reported by others [35].

We also detected promoter hypermethylation in a sub-
set of normal samples adjacent to EAC, as previously 
reported in histologically normal tissues adjacent to 
EAC [9, 25, 28, 30]. Notably, the highest methylation fre-
quencies in normal mucosa were observed for APC and 
MGMT, two markers of field defect in prostate [46] and 
sporadic colorectal cancers, [47], respectively. For some 
of the EAC patients, lower PMR values were detected in 
the tumor sample than in the normal counterpart. In the 
case of APC and CDKN2A, these findings may in part 
reflect the deletion of the methylated alleles attributable 
to loss of heterozygosity, which has been reported in 
EAC [6, 17, 18].

We have found a statistically significant associa-
tion between the use of neoadjuvant treatment in EAC 
patients and the absence of mutations in TP53 or meth-
ylation of specific genes (CDKN2A or TIMP). Moreover, 
92% of the EAC patients showing no alterations across 
the set of markers had received neoadjuvant treatment. 
When stratifying patients by age, these associations lost 
their significance as age is a confounder of treatment. 
These observations are in line with a previous analy-
sis of the DNA methylation patterns in EAC patients, 
which revealed no differences between patients receiv-
ing neoadjuvant chemotherapy or not [48], regardless of 
age. Additional studies analyzing potential associations 
between neoadjuvant treatment and genomic or molecu-
lar aberrations in EACs are warranted.

In total, 13 tumor samples (12%) showed no altera-
tions—including mutations or hypermethylation. It could 

Fig. 5 Methylation levels of the evaluated genes in BE, EAC (T) and normal adjacent mucosa (N). EAC patients where normal mucosa presents PMR 
values higher than in the tumor are highlighted by gray bordered boxes. PMR values are shown in different color scales for each gene in order to 
facilitate visualization
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be speculated that these samples correspond to lower 
stages of the disease. We have selected our set of sam-
ples based on the representativity of tumor-stage preva-
lence in EAC patients eligible for surgery, and therefore it 
inevitably comprises a low percentage of stage IV tumors. 
Nevertheless, we found no association between the 
absence of alterations and tumor stage (p = 0.56, Fisher’s 
exact test).

Overall, the prevalence of TP53 mutations, as well as 
promoter methylation frequency of APC, CDKN2A, 
MGMT and TIMP3, observed in EAC shows some dis-
crepancies when compared to findings reported in other 
studies. Our results are based on a sample size larger 
than most of these, adding another layer of robustness 
to our analyses. Factors that may explain the inconsist-
encies in the methylation results may include differences 
in the prevalence of tumor location (distal esophagus vs 
gastroesophageal junction) and the thresholds used for 
distinction between methylated and unmethylated DNA. 
We have here considered normal mucosa adjacent to BE 
samples as “methylation background” and defined the 
threshold for each gene individually.

Conclusions
The present study contributes to an improved charac-
terization of the molecular background of EAC progres-
sion by analyzing a series of non-dysplastic BE, EAC 
and matched normal samples. We reported a spectrum 
of genetic and epigenetic alterations occurring in these 
tissues and clarified discrepancies found in the litera-
ture regarding frequency of these alterations. Our study 
derived its strength from a careful design, use of consen-
sus markers, state-of-the-art methodologies and well-
defined scoring criteria. To the best of our knowledge, 
this is one of the largest studies addressing a targeted 
characterization of genetic and epigenetic modifications 
simultaneously across a combined series of non-dysplas-
tic BE and EAC samples.

Methods
Patients and tumor samples
This study included tissue samples from 19 BE patients 
without a current dysplasia or a history of dysplasia 
and from 145 EAC patients. BE biopsies were collected 
between November 2017 and February 2020 during rou-
tine gastroscopy at the Department of Gastroenterology, 
Oslo University Hospital, Ullevål. BE was defined as the 
presence of columnar epithelium in the distal esophagus 
containing specialized intestinal metaplasia with a mini-
mum length of 1  cm [49]. Four-quadrant biopsies were 
taken every 2 cm within BE segment, in accordance with 
the current guidelines. Among these, multiple (2–4) sam-
ples were randomly chosen to be used in this study and 

pooled for DNA extraction. EAC samples were obtained 
from patients operated between September 2013 and 
May 2020 at the Department of Pediatric and Gastroin-
testinal Surgery, Oslo University Hospital, Ullevål. One 
hundred and seventeen (81%) EAC patients had received 
neoadjuvant radio(chemo)therapy. Only patients with 
macroscopic residual tumor left in the surgical specimen 
(stages T0–T4) were included in this study. Both neoad-
juvant treatment status and tumor-stage prevalence are 
representative of the population operated for EAC at our 
institution [50]. For all patients (n = 164), matched biop-
sies from adjacent macroscopically normal-appearing 
mucosa (5–10 cm from the tumor), hereafter referred to 
as normal samples, were included. Samples were taken 
immediately following specimen resection according 
to a predefined protocol. For all the paired BE and nor-
mal samples, as well as for 103 (71%) of the paired EAC 
and normal counterparts, patient identity was verified 
by short tandem repeat (STR) profiling according to the 
AmpFLSTR Identifiler PCR Amplification Kit (Thermo 
Fisher Scientific). Clinicopathological characteristics of 
the EAC patients are summarized in Additional file  1: 
Table S4.

Sixty-three EAC samples were subjected to histopatho-
logical evaluation as described in Fig. 2. Of these, 37 were 
removed from frequency calculations due to the absence 
of tumor or low tumor cell content (< 5%). The main 
series of this study therefore comprised samples from 108 
patients (Fig.  1). Clinicopathological characteristics of 
these patients are summarized in Table 1.

DNA extraction and bisulfite treatment
DNA from fresh frozen tissue samples corresponding to 
tumors and matched normal mucosa was extracted using 
the DNeasy Blood and Tissue Kit (Qiagen). For samples 
from BE biopsies (< 30 mg) and adjacent normal mucosa, 
the AllPrep DNA/RNA Mini Kit (Qiagen) was used. 
DNA quantity and quality were measured using ND-1000 
Nanodrop (NanoDrop Technologies). For the methyla-
tion analyses, 800 ng DNA of each sample was bisulfite-
treated using the EpiTect Bisulfite Kit (Qiagen) according 
to the manufacturer’s protocol. Bisulfite-converted DNA 
was purified using the QIAcube automated pipetting sys-
tem (Qiagen) and eluted in 40 μl elution buffer.

Selection of candidate genes for analysis
A literature search was performed in order to iden-
tify candidate genes in EAC (Additional file  1: Figure 
S1). Genes consistently reported as frequently altered 
(> 50%) in at least three original papers were considered 
for inclusion. Based on this search, TP53 was selected for 
mutation analysis, whereas APC, CDKN2A, MGMT and 
TIMP3 were selected for DNA methylation analysis. In 
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addition, MLH1 promoter methylation, reported to be 
infrequent in EAC, was analyzed in order to relate it to 
MSI status.

TP53 mutation analysis
TP53 mutation status was assessed in all BE and EAC 
samples by Sanger sequencing. The entire coding region 
(exons 2–11) was analyzed using previously described 
primer sequences and reactions [51]. Mutation calling 
was performed independently by two of the authors, 
using the SeqScape V.2.5 and Sequencing Analysis V.5.3.1 
software (both Applied Biosystems). All detected muta-
tions were confirmed by sequencing of a new independ-
ent PCR product.

Microsatellite instability analysis
MSI status was assessed in all BE and EAC and com-
pared with corresponding normal tissue by PCR-based 

analyses of the BAT-25, BAT-26, NR-21, NR-24 and 
MONO-27 mononucleotide markers using the MSI 
Analysis System, Version 1.2 (Promega) according to 
the manufacturer’s instructions. Data were analyzed 
with GeneMapper software (Applied Biosystems). 
Nuclease-free water replacing DNA as template was 
included in each run as control. All the paired samples 
(BE or EAC and normal counterparts) were confirmed 
to belong to the same patient by analyzing pentanu-
cleotide marker controls available in the MSI Analysis 
System.

The results were scored independently by two of the 
authors following Bethesda guidelines for colorectal can-
cer [52]. MSI-H in BE or tumor DNA was defined if two 
or more markers showed aberrant peak profile, whereas 
one single unstable marker defined MSI-L. Samples with 
all loci exhibiting normal allelic ranges were regarded 
MSS. MSI status for each locus was confirmed by an 
independent run.

Quantitative methylation‑specific PCR
APC, CDKN2A, MGMT, TIMP3 and MLH1 were ana-
lyzed for DNA promoter hypermethylation in all BE, 
EAC and adjacent normal samples using quantitative 
methylation-specific PCR (qMSP) and ALU-C4 as a nor-
malization control for DNA input. Primer and probe 
sequences have been reported previously [35, 53]. Prim-
ers were purchased from BioNordika (Oslo, Norway), 
and probes were obtained from Life Technologies (now 
Thermo Fisher Scientific).

The qMSP reactions were performed in triplicate and 
carried out as previously described [54] using ~ 30  ng 
bisulfite-treated DNA per well. Methylation-positive 
(in vitro methylated DNA; IVD Chemicon, Millipore), 
methylation-negative (WGA non-methylated DNA; 
Zymo Research) and non-template  (H2O) controls were 
included, in addition to a standard curve consisting of a 
fivefold serial dilution of IVD (32.5–0.052 ng).

Samples amplified after cycle 35 were censored in 
accordance with the recommendations from Life Tech-
nologies, and the median quantity value of the tripli-
cates was used for data analysis. The qMSP results were 
calculated as percent of methylated reference (PMR) by 
dividing the ALU-C4-normalized quantity of the samples 
by the ALU-C4-normalized quantity of the positive con-
trol (IVD) and multiply by 100. To ensure high specificity 
for each qMSP assay, the thresholds for scoring samples 
as methylated were set according to the highest PMR 
value across the normal mucosa matching BE samples 
as shown in Fig. 4. Samples with PMR values above the 
scoring threshold for each individual gene were consid-
ered to be methylated.

Table 1 Summary of clinicopathological characteristics of 
patient samples considered in this study after removal of the 
samples with no or a low percentage of tumor cells (< 5%)

BE (n = 19) EAC (n = 108)

Age (years)

 Median (mean) 66 (62) 66 (66)

 Range 35–84 34–82

Gender

 Male 15 (79%) 90 (83%)

 Female 4 (21%) 18 (17%)

Barrett’s segment length (cm)

 Median (mean) 4 (4.4) –

 Range 1–10 –

Location

 At or above carina – 1 (1%)

 Distal esophagus – 37 (34%)

 Gastroesophageal junction – 70 (65%)

Tumor (T) stage

 T0 – 1 (1%)

 T1 – 16 (15%)

 T2 – 20 (18%)

 T3 – 69 (64%)

 T4 – 2 (2%)

Tumor length (cm)

 Median (mean) – 3.0 (3.6)

 Range – 0.4–11

Lymph node metastases

 Yes – 65 (60%)

 No – 43 (40%)

Neoadjuvant radio(chemo)therapy

 Yes – 81 (75%)

 No – 27 (25%)
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Statistics
Statistical analyses were conducted with R software ver-
sion 3.6.2. Associations between gene alterations and the 
clinicopathological parameters listed in Table 1 were ana-
lyzed by Fisher’s exact tests for categorical variables and 
by two-sided Wilcoxon’s tests for continuous variables. 
Associations between genetic and epigenetic alterations 
were investigated using Fisher’s exact tests or McNemar’s 
tests. A p value < 0.05 was considered significant. When 
relevant, p values were adjusted for multiple testing using 
the FDR criterion and Benjamini–Hochberg procedure. 
An adjusted p value < 0.05 was considered significant.
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