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ABSTRACT
Purpose: E-cadherin, a Mr 120,000 transmembrane gly-

coprotein, mediates calcium-dependent intercellular adhe-
sion that is essential for normal tissue homeostasis. Loss of
E-cadherin occurs in a variety of epithelial tumors and is
correlated with invasion and metastasis. In esophageal ade-
nocarcinoma, reduction of E-cadherin expression has been
demonstrated previously, but mutations of the gene (CDH1)
are rare.

Experimental Design: In this study, we used a nested
PCR approach to examine the methylation status of the 5�

CpG island of E-cadherin in esophageal specimens obtained
from individuals with and without a history of esophageal
cancer.

Results: In four individuals without esophageal cancer,
E-cadherin was completely unmethylated in normal squa-
mous cell-lined esophageal mucosa. In contrast, in patients
with esophageal adenocarcinoma, E-cadherin was methyl-
ated in 26 of 31 (84%) tumor specimens. In the majority of
cases, matched normal tissue (esophagus or stomach) from
each patient was completely unmethylated. By immuno-
staining, methylated tumor samples demonstrated heteroge-
neously decreased membranous E-cadherin staining.

Conclusions: These data suggest that epigenetic silenc-
ing via aberrant methylation of the E-cadherin promoter is
a common cause of inactivation of this gene in esophageal
adenocarcinoma.

INTRODUCTION
E-cadherin is a Mr 120,000 transmembrane glycoprotein

expressed on the surface of epithelial cells. In epithelial tissues,
E-cadherin mediates homophilic, Ca2�-dependent intercellular
adhesion that is essential for the maintenance of normal tissue
architecture (1). The cytoplasmic domain of E-cadherin is linked
to actin in the cytoskeleton via �- and �-catenins, and this
interaction is critical for its function (2). Loss of E-cadherin
expression occurs in a variety of human tumors and is hypoth-
esized to be an important step in the progression from tumor
formation to invasion and metastasis (3). In cancers originating
from the breast, lung, nasopharynx, bladder, stomach, and
esophagus, reduced E-cadherin expression has been associated
with an unfavorable prognosis (4–9).

There are several mechanisms for abnormal E-cadherin
function in tumors. It has recently been shown that germ-line
mutations of the gene (CDH1), although rare, predispose indi-
viduals to familial gastric and colorectal cancer (10, 11). Sim-
ilarly, whereas allelic loss of the E-cadherin locus at 16q22.1
has been reported in different epithelial tumors (breast, ovarian,
endometrial, and prostate carcinomas), somatic mutations occur
infrequently (12). One important mechanism for loss of E-
cadherin expression is methylation of the 5� CpG island within
the promoter, which results in transcriptional repression of the
gene (13). In neoplasia, aberrant methylation serves as an alter-
native to point mutation and chromosomal deletion for inacti-
vation of tumor suppressor genes and genes that preserve nor-
mal cell function, such as VHL and the DNA mismatch repair
gene MLH1 (14, 15). Indeed, methylation-associated silencing
of E-cadherin represents the most common cause for its inacti-
vation and has been observed in cancers of the liver, prostate,
breast, oral cavity, and stomach (16–19).

The incidence of adenocarcinoma of the esophagus has
been rising dramatically in the United States and Western
Europe over the last two decades (20, 21). The majority of
these tumors arise from Barrett’s esophagus, a premalignant
condition characterized by columnar epithelial metaplasia
caused by chronic gastroesophageal reflux (22, 23). The
progression from Barrett’s esophagus to adenocarcinoma is a
multistep process involving nonrandom loss of heterozygos-
ity, aneuploidy, and alterations of p53 and p16 (24 –26).
Interestingly, E-cadherin expression is reduced in both Bar-
rett’s esophagus and esophageal adenocarcinoma and in the
latter has been correlated with a greater frequency of lymph
node metastasis and shorter patient survival (27, 28). Muta-
tions of the E-cadherin gene are rare in adenocarcinoma of
the esophagus. Thus, the mechanism for its down-regulation
in this tumor type has not been explained (29). In this study,
we demonstrate that aberrant methylation of the 5� CpG
island of E-cadherin occurs in a majority of esophageal
adenocarcinomas, leading to reduced E-cadherin expression.
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MATERIALS AND METHODS
Source of Tissue Samples. Normal control cases con-

sisted of paraffin-embedded sections of benign esophageal tis-
sue from autopsy cases of individuals (mean age � 60 years)
without a history of gastrointestinal malignancy. Histological
sections of these autopsy specimens showed normal squamous
cell-lined esophageal mucosa without acute or chronic inflam-
mation. Tumor and paired normal tissue specimens were ob-
tained from 31 patients with esophageal adenocarcinoma who
underwent surgical resection at Johns Hopkins Oncology Center
between March 1991 and August 1998. None of the patients
received irradiation or chemotherapy preoperatively. For each
patient, frozen sections were available from both the tumor and
either normal esophageal or gastric mucosa. An H&E stain was
performed to confirm the presence of carcinoma in each case.
Normal specimens were obtained at least 1 cm from the distal
negative margin of the tumor.

DNA Extraction. Genomic DNA from esophageal ade-
nocarcinoma was isolated from frozen tissue slides as described
previously (30). For the patients with adenocarcinoma, control
DNA was isolated from normal esophageal (n � 21) or gastric
(n � 10) mucosa.

Methylation Analysis. Methylation patterns within the
E-cadherin CpG island in Exon 1 (sequence �126 bp to �144
bp relative to transcription start, GenBank accession number
D49685) were determined using a nested PCR approach that has
been published previously (31). In the first round of PCR, 100
ng of bisulfite-treated DNA were amplified using sequencing
primers. The sequencing primers were 5�-GTTTAGTTTTGGG-
GAGGGGTT-3� (sense) and 5�-ACTACTACTCCAAAAAC-
CCATAACTAA-3� (antisense), and the cycling conditions con-
sisted of an initial denaturation step at 95°C for 5 min, followed
by the addition of 1 unit of Taq polymerase and then 30 cycles
of 95°C for 30 s, 50°C for 30 s, and 72°C for 30 s. The size of
the product after this initial PCR reaction was 270 bp. For the
second round of PCR, this product was diluted 1:50 in water,
and 2 �l of the dilution were used for MSP3 (32). Nested primer
sequences for E-cadherin for the methylated reaction were
5�-TGTAGTTACGTATTTATTTTTAGTGGCGTC-3� (sense)
and 5�-CGAATACGATCGAATCGAACCG-3� (antisense), and
primer sequences for the unmethylated reaction were 5�-TGGTT-
GTAGTTATGTATTTATTTTTAGTGGTGTT-3� (sense) and 5�-
ACACCAAATACAATCAAATCAAACCAAA-3� (antisense).
PCR parameters were as listed above, except that the annealing
temperatures for the methylated and unmethylated reactions
were 64°C and 62°C, respectively. The product sizes of the
methylated and unmethylated reactions were 112 and 120 bp,
respectively. As a positive control for methylation, we used the
breast cancer cell line MB-MDA-231, which demonstrates
methylation and silencing of CDH1. Samples were scored as
methylated if there was visible PCR product after amplification
with the methylated primers.

Immunohistochemistry for E-Cadherin. Immunoper-
oxidase staining using diaminobenzidine as a chromogen was
performed on parallel histopathological sections from ethanol-

fixed frozen section tumor tissue, using the TechMate 1000
automatic staining system (BioTek Solutions, Tucson, AZ).
E-cadherin gene product (mouse monoclonal antibody Clone
36; Transduction Laboratories, Lexington, KY; dilution �
1:400) was stained after antigen retrieval by a heat-induced
epitope retrieval method.

RESULTS
Clinical and Pathological Features. The clinical and

pathological features of the patients with esophageal adenocar-
cinoma are shown in Table 1. There were a total of 31 patients
(25 men and 6 women) with a mean age of 67 years (range,
41–81 years). Patients with tumor-node-metastasis (TNM) stage
I-IV cancers were represented in the group. There were 4
patients (13%) with stage I disease, 15 patients (48%) with stage
II disease, 8 patients (26%) with stage III disease, and 4 patients
(13%) with stage IV disease.

Methylation Analysis. In this study, genomic DNA for
analysis was extracted from a single slide of either frozen or
paraffin-embedded tissue obtained from each surgical specimen.3 The abbreviation used is: MSP, methylation-specific PCR.

Table 1 Clinical, pathological, and E-cadherin methylation
characteristics of patients with esophageal adenocarcinoma

Case Sex
Age
(yrs)

Tumor
differentiationa

E-cadherin
methylationb

Normal Tumor

Stage I 1 M 64 Mod � �
2 M 78 Mod-Poor � �
3 M 78 Poor � �
4 M 73 Mod � �

Stage II 5 M 67 Poor � �
6 M 74 Mod � �
7 M 70 Mod-Poor � �
8 F 79 Poor � �
9 M 54 Poor � �

10 M 72 Mod � �
11 F 77 Mod � �
12 F 72 Poor � �
13 M 64 Poor � �
14 M 71 Mod � �
15 M 64 Poor � �
16 M 47 Mod-Poor � �
17 M 73 Mod � �
18 M 41 Mod-Poor � �
19 F 81 Mod � �

Stage III 20 M 71 Mod � �
21 F 70 Mod � �
22 M 75 Poor � �
23 M 74 Poor � �
24 M 52 Mod-Poor � �
25 M 59 Mod � �
26 M 59 Poor � �
27 M 54 Mod-Poor � �

Stage IV 28 M 73 Poor � �
29 M 56 Mod � �
30 M 69 Mod-Poor � �
31 F 72 Poor � �

a Mod, moderate differentiation.
b E-cadherin methylation status was determined using nested MSP.
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To detect E-cadherin methylation, we used a nested PCR ap-
proach that was developed previously in our laboratory (31).
Nested MSP is a two-step PCR that has the sensitivity to detect
methylated alleles when they comprise as little as 5% of the total
DNA sample, and it is well suited for the analysis of DNA
obtained from paraffin-embedded material when the quantity
and/or quality of the DNA substrate can be limiting. In addition,
nested MSP preserves the specificity and reproducibility of
standard (one-step) MSP (31). For consistent analysis between
DNA isolated from paraffin-embedded tissues and frozen tis-
sues, the nested MSP approach was used on all of the samples.

We initially examined tissues obtained from individuals
without a history of esophageal cancer to determine whether
E-cadherin was methylated in normal esophagus. Using nested
MSP, all four normal esophageal samples were completely
unmethylated at E-cadherin (Fig. 1A).

We next examined paired tumor and normal specimens from
patients with esophageal carcinoma. Twenty-six of 31 tumors
(84%) obtained from these individuals demonstrated evidence
of E-cadherin methylation using nested MSP (see Fig. 1B and
Table 1). Among these 26 cases, the methylation change was tumor
specific in 20 cases, because normal esophagus tissues from the
same patients were completely unmethylated. In the remaining
six cases in which the tumor was methylated, normal esophagus
(n � 3) or normal stomach (n � 3) tissues from the same patients
were also methylated. Of note, E-cadherin methylation of the
normal esophagus or stomach without corresponding methylation
of the tumor was never observed.

E-cadherin methylation was relatively more frequent in
poorly differentiated tumors, a parameter that has been associ-
ated with worse outcome in patients with esophageal adenocar-
cinoma (28). With regard to tumor differentiation, 100% of
poorly differentiated tumors were methylated versus approxi-
mately 72% of tumors of both poor-moderate and moderate
differentiation. Whereas this observation suggests a correlation
between E-cadherin methylation and other predictors of prog-
nosis in esophageal adenocarcinoma, the sample size in this
study was too small for these results to achieve statistical
significance.

Immunostaining. Immunostaining of E-cadherin was
performed on six tumors [four tumors with corresponding nor-
mal mucosa (two esophageal and two gastric tumors)] with
E-cadherin methylation and four tumors (one tumor with nor-
mal esophageal mucosa) without E-cadherin methylation. The
staining was heterogeneous in all six tumors with E-cadherin
methylation. Tumor cells with decreased membranous E-
cadherin staining (ranging from 10%–70% of the tumor area)
were mixed with tumor cells showing strong membranous stain-
ing (Fig. 2). In contrast, three of four tumors without E-cadherin
methylation demonstrated diffuse strong membranous E-
cadherin staining, with the remaining case showing focal (�5%)
decreased staining in the tumor cells (Fig. 2).

DISCUSSION
Perturbations of the cadherin-catenin complex occur fre-

quently in esophageal adenocarcinoma, as evidenced by reduced
expression of one or more proteins in the complex (33). The
biological consequences of this event include disruption of
intercellular adhesion and impairment of �-catenin-mediated
transactivation (34, 35). To date, however, the regulatory mech-
anisms responsible for altered levels of these proteins in esoph-
ageal adenocarcinoma have not been elucidated.

In this study, we show that hypermethylation of the 5� CpG
island of the E-cadherin promoter occurs frequently in esoph-
ageal adenocarcinoma and that this methylation change is asso-
ciated with reduced expression of E-cadherin protein. In two
previous studies of esophageal adenocarcinoma, reduced E-
cadherin expression was noted in approximately 75% of the
cases (28, 33). Although the etiology of E-cadherin down-
regulation was not directly examined in these studies, mutations
of the gene in esophageal adenocarcinoma were rare (29). Our
data suggest that epigenetic silencing of the E-cadherin pro-
moter via hypermethylation is the critical mechanism for inac-
tivation of this gene in esophageal adenocarcinoma. Gene si-
lencing associated with hypermethylation is mediated by
methyl-binding proteins that bind to methylated cytosines and
recruit a complex of proteins that repress transcription, includ-
ing histone deacetylases (36).

In the majority of the cases we examined, E-cadherin
methylation was tumor specific. There were, however, six cases
in which the methylation change was present in both tumor and
normal esophagus or stomach tissues from the same patient.
Given the sensitivity of nested MSP, it is possible that normal-
appearing specimens contained a rare cancer cell that was un-
detectable by histomorphology. To avoid this, we selected his-
tologically normal specimens as distant from the tumor as

Fig. 1 Methylation analysis of E-cadherin in esophageal specimens
obtained from individuals with and without esophageal adenocarci-
noma. Visible product in Lanes U indicates the presence of unmethyl-
ated genes; visible product in Lanes M indicates the presence of meth-
ylated genes. A, samples of normal squamous cell-lined esophageal
mucosa in four individuals without esophageal cancer. E-cadherin was
completely unmethylated in all cases. �, nested MSP analysis of the
breast cancer cell line MB-MDA-231 served as a positive control. B,
paired samples of normal esophagus or stomach tissue (N) and tumor (T)
from eight patients are shown. There is tumor-specific methylation in
Cases 2–4, 6, and 7. Note that in Case 5, the tumor is fully methylated,
whereas the corresponding normal tissue has a very faint band demon-
strating methylation.
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possible. Alternatively, it is possible that E-cadherin methyla-
tion occurs in normal tissues, albeit at a low frequency. If this
latter possibility is true, it remains likely that E-cadherin meth-
ylation indicates pathology at the molecular level. In sections of
benign esophageal tissue obtained from individuals without a
history of esophageal cancer, we did not observe E-cadherin
methylation. Furthermore, in previous studies investigating E-
cadherin methylation in different tumor types, normal tissues
from bone marrow, lymphocytes, thyroid, breast, and oral mu-
cosa were unmethylated (17, 31, 37). These data strongly sug-
gest that the E-cadherin promoter methylation is an aberrant
event. The fact that we only detected methylation in normal
esophagus or stomach tissues from patients in whom the corre-
sponding tumor was also methylated is consistent with the
hypothesis that the cancer in these individuals arose from a
methylated clonal precursor. In support of this hypothesis, in a
recent study of neoplastic progression in Barrett’s esophagus,
hypermethylation of the tumor suppressor gene p16 was de-
tected in pathologically normal-appearing specimens obtained
from a patient who later developed dysplasia (26). Thus, epige-
netic inactivation of tumor suppressor genes may be an early
feature of esophageal tumorigenesis.

Our results differ from those recently reported by Eads et
al. (38) during the preparation of this article. In their study, there
was no evidence of E-cadherin methylation in 22 esophageal
adenocarcinomas. There are several possible reasons for the

different results. First, Eads et al. (38) used a different technique
for methylation determination (real-time PCR) and did not ex-
amine methylation and gene expression. Second, the positive
control for methylation in that study was in vitro-methylated
DNA, not the well-characterized breast cancer cell line we used
(MB-MDA-231) that demonstrates methylation and silencing of
the CDH1 gene. Third, the region of the E-cadherin 5� CpG
island that was examined differed from that examined in our
study (�180 to �111 bp versus �126 to �144 bp relative to
transcription start, respectively). Nonetheless, we feel that our
study provides a molecular explanation for the loss of E-cadherin
in esophageal adenocarcinoma described in the literature.
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