
Abstract. Esophageal squamous cell carcinoma (ESCC) is a
common cancer with a very poor prognosis. New methods
are needed to screen high-risk populations and identify curable
tumors and precursor lesions early. Molecular markers may
be useful in such screening efforts. This study was designed
to determine the prevalence of p16, MGMT, RARß2, CLDN3,
CRBP and MT1G gene methylation in patients with ESCC to
evaluate the variation of gene methylation across a spectrum
of preneoplastic lesions, and assess the feasibility of using
gene methylation in a primary screening test utilizing frozen
esophageal cells collected by balloon cytology samplers.
Samples were obtained from high-risk subjects from north
central China. These samples included 11 foci of histologically
normal mucosa, 8 foci of low-grade squamous dysplasia,
7 foci of high-grade squamous dysplasia, and 13 foci of
ESCC from 6 fully embedded resection specimens; endoscopic
biopsies from 6 individuals with no histological evidence of
disease; and frozen esophageal balloon samples from 12
asymptomatic subjects. Promoter CpG site-specific hyper-
methylation status was determined for each gene using real-
time methylation-specific PCR (qMS-PCR) based on Taqman
chemistry. Of the 6 ESCC patients, 5 showed methylation of
at least one gene. For most genes, methylation occurred with
increasing frequency during neoplastic progression, with the
largest increase found between low- and high-grade dysplasia.
There was considerable variation in methylation patterns

among different foci of the same histological grade, even
within individual patients, but 16/20 (80%) of high-grade
dysplastic and cancer foci had ≥ 2 methylated genes, while
17/19 (89%) of normal and low-grade dysplastic foci had <2
methylated genes. These genes were rarely methylated in
histologically normal mucosa from patients with or without
ESCC. Gene methylation was common and easily detectable
in the frozen esophageal cells collected by balloon cytology
samplers. Our data suggest that methylation of p16, MGMT,
RARß2, CLDN3, CRBP, and MT1G is common in the
esophageal mucosa of patients with ESCC in this high-risk
population, and tends to increase in prevalence in foci with
increasing histological severity of disease. Methylation data
from panels of genes may be able to identify patients with
high-grade lesions. Balloon cytology may be able to screen
the length of the esophagus effectively for a subset of cells
with abnormal methylation, and may be useful in a primary
screening test for ESCC and its precursor lesions.

Introduction

Esophageal squamous cell carcinoma (ESCC) continues to be
a significant cause of morbidity and mortality worldwide,
and is the fourth most common cause of cancer death in
China (1). Within China, the Taihang mountain region in
Hebei, Henan and Shanxi Provinces has the highest incidence
and mortality rates, reaching more than 100/100,000/year
(2). Efforts are ongoing to identify etiologically associated
changes in such high-risk areas, so that more effective cancer
prevention, screening, and treatment strategies can be
developed.

Among the molecular changes potentially associated with
esophageal carcinogenesis, there has been considerable
interest in gene methylation, the addition of methyl groups
to cytosines in CpG islands, which can silence gene
transcription. CpG islands are 0.5-2.0 kilobase regions rich in
cytosine-guanine dinucleotides that are present in the 5' region
of approximately half of all human genes (3). Methylation of
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these CpG islands has been reported to cause silencing of
several genes in GI cancers, including transcription factors,
genes involved in apoptosis, and calcium signaling genes (4).
Despite these advances, the role of gene methylation in the
neoplastic progression of ESCC remains poorly understood,
and its potential use as a primary screening tool for ESCC
has not been evaluated. 

The understanding of the role of methylation in normal
and neoplastic tissues is developing. Quantitative studies
show that many highly methylated genes in cancer also have
a low but measurable degree of methylation in apparently
normal mucosa, and this methylation of apparently normal
tissue increases linearly with age (5). Aberrant methylation
of multiple genes has been identified in the upper aerodigestive
tract epithelium of heavy smokers (6) and in normal tissue
adjacent to oral squamous cell carcinomas in those who chew
tobacco (7). Aberrant methylation of several genes, including
p16, RARß, MGMT and RASSF1A, has also been identified in
ESCC tumors and neighboring normal tissue (8-12). 

The current study of ESCC and its preneoplastic lesions
focuses on some of the most common and significant genes
found to be methylated in other cancers: p16, which alters

cell-cycle control (13); O6-MGMT, which impairs DNA-
damage repair due to alkylation (13); RARß, which modulates
growth response (14); CLDN3, which alters cell tight junctions
(15,16); CRBP, which changes retinol chaperone function
(17); and MT1G, which is involved in metal metabolism and
detoxification (18). The aim of this study was to determine the
prevalence of methylation of these genes in ESCC patients,
evaluate the variation of gene methylation across a spectrum
of preneoplastic lesions, and determine the feasibility of using
methylation as a component of a primary screening test for
the early detection of ESCC and its precursors.

Materials and methods

Study subjects and samples. All cases and samples were
obtained from subjects residing in the Taihang mountain
region of north central China. This study was approved by the
Institutional Review Boards of the collaborating institutions:
Shanxi Cancer Hospital and Institute, Taiyuan, Shanxi
Province, China; the Cancer Institute of the Chinese Academy
of Medical Sciences (CICAMS), Beijing, China; and the
National Cancer Institute, Bethesda, MD, USA.
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Table I. PCR primers/hybridization probes used for qMS-PCR gene-specific DNA hypermethylation assays.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene Locationa Primer and probe sequencesb

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
p16 -20 to +87 Sense: 5'-TAG CGG GCG GCG GGG GA-3'

Anti-sense: 5'-CGC ACC TCC TCT ACC CGA-3'
Probe: 6FAM-ATG GAG TCG GCG GCG G-MGBNFQ

MGMT +20 to +93 Sense: 5-TGC GTT TCG ACG TTT GTA GGT-3'
Anti-sense: 5'-ACC CAA ACA CTC ACC AAA TCG-3'
Probe: 6FAM-TTT GCG GTG CGT ATC G-MGBNFQ

RARß2 -193 to -177 Sense: 5'-AAG GTG AGA AAT AGG AAA GAA AAC GT-3'
Anti-sense: 5'-TCC CAA CAA CCC TAC AAA AAC A-3'
Probe: 6FAM-TTT GTG CGT TCG TTG TT-MGBNFQ

CLDN3 -240 to -164 Sense: 5'- GGT AAT TTT TTT ATT TCG GCG TTG T-3'
Anti-sense: 5'-TCC CAC CTT CAC CGA ACG T-3'
Probe: 6FAM-TCG CGT AGG GTT AAG TT- MGBNFQ

CBRP -9 to +60 Sense: 5'-TTG TTT TCG GAG GGC GTT TA-3'
Anti-sense: 5'-CCG AAA CAA CGA CTA CCG ATA CT-3'
Probe: 6FAM-TTC GGG TCG TTT ATT ATT- MGBNFQ

MT1G -206 to -118 Sense: 5'-AAG GTT TAG TAG GGT GAG AGA ATT CG-3'
Anti-sense: 5'-CGC ACA CCG CAA ACG A-3'
Probe: 6FAM- TTT TTC GCG AGT CGG TGC-MGBNFQ

ACTB Reference standard Sense: 5'-GGT GGA GGT AGT TAG GGT TTA TTT GTA-3'
Anti-sense: 5'-CCA CAA AAT CAC ACT TAA CCT CAT TT-3'
Probe: 6FAM-CAC TTT TAT TCA ACT AAT CTC-MGBNFQ

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
FAM, reporter dye; MGBNFQ, molecular-groove binding non-fluorescence quencher hybridization probes that enable the use of probes
with a lower melting temperature (Applied Biosystems, Foster City, CA). aAssay tests for methylation of CpG sites located within the
promoter region designated relative to the transcription start site. bSequences taken from the following GenBank accession numbers: p16,
U12818; MGMT, X61657; RARß2, 582362; CLDN3, AB000714; CBRP, M11433; MT1G, J-3910; and ACTB, E01094.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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Resection specimens from 6 ESCC patients, 5 males and
a female with an average age of 61 years (range, 43-71 years)
treated at the Shanxi Cancer Hospital in Taiyuan, Shanxi
Province, were fully blocked and stored at -70˚C until methyl-
ation assays could be performed. Serial 5-micron frozen
sections were cut from each tissue block and representative
foci of normal mucosa (N=11), low-grade dysplasia (N=8),
high-grade dysplasia (N=7), and invasive squamous cell
carcinoma (N=13) were chosen based on the histological
review of hematoxylin-and-eosin-stained slides by a pathologist
(M.J.R.) using accepted histological criteria (19).

Esophageal biopsies from 4 males and 2 females with an
average age of 53 years (range, 51-56 years), and balloon
cytology cell samples from 5 males and 7 females with an
average age of 53 years (range, 43-60 years) were obtained
from asymptomatic participants in a cytology screening study
in Linxian County, Henan Province (20). The 5-micron
sections were cut from ethanol-fixed, paraffin-embedded
biopsies from 6 individuals with no endoscopic or histological
evidence of disease, and 125-μl aliquots of frozen cytology
cell samples were selected from twelve participants with no
endsocopic or histological evaluation. 
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Table II. Gene methylation of normal, low-grade dysplasia, high-grade dysplasia and cancer foci from ESCC resection specimens.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aBlack and white boxes indicate methylated and unmethylated status, respectively, for each gene. Methylation status was determined by qMS-
PCR.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Bisulfite modification and real-time methylation-specific
PCR. Genomic DNA was purified from frozen esophagectomy
specimens (one 5-micron section/block), ethanol-fixed,
paraffin-embedded endoscopic biopsy specimens (ten 10-
micron sections/biopsy) and frozen cytology specimens
(125 μl each) using the DNeasy kit (Qiagen, Valencia, CA).
The frozen sections were sequentially rinsed for 10 sec in
70%, 95%, and 100% ethanol before being placed in lysis
buffer. The fixed biopsy specimens were deparaffinized in
xylene (twice for 5 min) and rinsed in 100% ethanol, followed
by the addition of lysis buffer. The cytology samples were
centrifuged at 10,000 rpm for 2 min and resuspended in lysis
buffer. All samples were lysed for 48 h (with a second
aliquot of proteinase K added after 24 h) and processed
following the manufacturer's instructions.

The gene-specific hypermethylation status was determined
using methylation-specific PCR (qMS-PCR) based on Taqman
chemistry (Applied Biosystem, Foster City, CA) as previously
described (21,22). Bisulfite modification was performed as
previously described (22). Primers and hybridization probes
were designed to bind specifically to bisulfite-converted
sequences of CpG islands in the promoters of each gene, with
each assay evaluating 4-6 individual CpG sites. The primers
and probes for each gene as well as their location in the
promoter are listed in Table I.

The qMS-PCR reactions were carried out in a volume of
10 μl, using Taqman Universal PCR Master Mix and No

AmpErase UNG (Applied Biosystems, Foster City, CA). Each
PCR reaction mixture contained 300 nM of each primer,
100 nM probe, and 1X Taqman buffer. Amplification and
detection were carried out using the following profile: one step
at 50˚C for 2 min, one step at 95˚C for 10 min, and 50 cycles
at 95˚C for 15 sec and 60˚C for 1 min. The sensitivity and
specificity of the assays were tested by running standards of
serial dilutions with known amounts of methylated DNA
(artificially methylated human placental DNA using E. coli
SSI methyl-transferase) ranging from 10.0 to 0.01 ng and
unmethylated DNA. The amount of hypermethylated DNA
was determined by reading the midpoint of the linear portion
of the S-shaped real-time curves, called the Ct point or
threshold cycle. The Ct refers to the number of cycles it takes
a sample to reach a specific fluorescence threshold. Samples
with a Ct below 45 were considered to have promoter-region
hypermethylation. All samples were well within the assay's
range of sensitivity and reproducibility based on an internal
reference standard (ACTB) (Ct scores below 40 for input
DNA). All samples were run in duplicate, and the average Ct
value was used. Template controls were not run in duplicate
for each assay.

Statistical analysis. All statistical analyses were performed
on Stata 8.0 (College Station, TX). The Chi-square test was
used to test for differences in the frequency of methylation
for each gene between the normal/low-grade versus high-
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Table III. Gene methylation in ESCC resections, by histological diagnosisa.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Histology No. of foci p16 MGMT RARß2 CLDN3 CRBP MT1G
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Normal 11 0 (0%) 1 (9%) 0 (0%) 0 (0%) 0 (0%) 1 (9%)

Low-grade dysplasia 8 1 (12%) 1 (12%) 0 (0%) 1 (12%) 0 (0%) 1 (12%)

High-grade dysplasia 7 2 (29%) 4 (57%) 3 (43%) 2 (29%) 2 (29%) 4 (57%)

Cancer 13 5 (39%) 6 (46%) 5 (39%) 9 (69%) 4 (31%) 8 (62%)
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
aMultiple histological foci were evaluated from 6 fully embedded esophageal resection specimens. The result of the Chi-square test
comparing low risk (N+LG) versus high risk (HG+C) histologies was p≤ 0.02 for each gene
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 1. Number of genes methylated in normal/low-grade, high-grade, and cancer foci from six ESCC resection specimens. 
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grade/cancer groups. The Wilcoxon rank sum test was used
to test for differences in the number of genes methylated
across normal/low-grade versus high-grade/cancer groups. 

Results

The methylation status of six genes, p16, MGMT, RARß2,
CLDN3, CRBP, and MT1G, was analyzed in histological foci
comprising a range of disease including normal, low-grade
squamous dysplasia, high-grade squamous dysplasia, and
invasive ESCC from six esophageal cancer resections. Table II
shows the gene methylation status of these foci by histological
diagnosis and patient, including one case (E7003) in which
no methylation was identified. Thus, 5 of the 6 patients
(83%) showed methylation of at least one of the six genes
tested. Three patients (50%) had gene methylation involving
only high-grade dysplasia and tumor foci, while 2 patients
(33%) showed gene methylation in normal and/or low-grade
dysplasia foci as well. Only two foci of histologically normal
mucosa showed gene methylation, one from MGMT and one
from MT1G. Gene methylation was commonly heterogeneous
across multiple foci with the same histological diagnosis
from the same resection specimen. In fact, the only time that
such foci had identical methylation profiles for all six genes
was when they showed no methylation (Table II). 

Summary data for gene methylation by histological
diagnosis is presented in Table III. With minor exceptions,
gene methylation occurred with increasing frequency during

neoplastic progression from normal to low-grade dysplasia to
high-grade dysplasia to invasive cancer. For five of the six
genes, the largest increase in methylation frequency occurred
between low-grade and high-grade dysplasia, and a Chi-square
test comparing methylation frequency between normal/low-
grade and high-grade/cancer foci was significant for each
gene (p≤ 0.02). 

The distribution of the number of methylated genes by
histological diagnosis is presented in Fig. 1, which shows
differences between normal/low-grade dysplastic lesions,
high-grade dysplastic lesions, and cancer foci. The median
number of methylated genes was 0.2 for normal, 0.5 for low-
grade dysplasia, 2.4 for high-grade dysplasia, and 2.8 for
cancer. Some 16/20 (80%) of high-grade dysplastic and cancer
foci had ≥ 2 methylated genes, while 17/19 (89%) of normal
and low-grade dysplastic foci had <2 methylated genes.

Gene methylation was also assessed in endoscopic biopsies
from 6 individuals with no endoscopic or histological evidence
of disease. The findings were similar to those in the histo-
logically normal foci from the esophagectomy specimens:
there was no methylation of p16, RARß2, CLDN3, or CRBP,
and only a single individual showed methylation of MGMT
and MT1G. 

The methylation status of 12 esophageal balloon cytology
specimens collected from asymptomatic high-risk individuals
with no endoscopic or histological evaluation was analyzed
as part of an initial test of the feasibility of using gene methyl-
ation in such samples in a primary cancer screening test
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Table IV. Gene methylation in esophageal balloon cytology specimens from asymptomatic inhabitants of a high-risk ESCC
region (N=12)a.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aBlack and white boxes indicate methylated and unmethylated specimens, respectively. Methylation status was determined by qMS-PCR. 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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(Table IV). Gene methylation was identified in all but two
specimens, with methylation of p16 and RARß2 occurring in
17% of the samples, MGMT in 33%, and CLDN3, MT1G
and CRBP in at least 50%. Esophageal balloon cytology
samples from 4 (33%) patients had zero or one methylated
gene, 5 (42%) had two or three methylated genes, and 3
(25%) had four, five or six methylated genes.

Discussion

This study examined the prevalence of methylation of the
p16, MGMT, RARß2, CLDN3, CRBP, and MT1G genes in
tumor tissue and associated neoplastic precursor lesions from
patients with esophageal squamous cell carcinoma (ESCC).
To accomplish this, a spectrum of histologies from fully
embedded ESCC resections was examined. This study also
explored the possibility of a methylation ‘field effect’ by
comparing: i) methylation patterns in foci of different histo-
logical grades from each individual, ii) separate foci of a
single histological grade from a single individual, and iii)
histologically normal foci from cancer resections and normal
endoscopic biopsies from individuals with no histological
evidence of disease. The practicality of using gene methylation
as part of a primary screening tool was also evaluated by
examining esophageal balloon cytology cell samples from
asymptomatic individuals living in a high-risk region.

All but one of the esophageal resection specimens showed
methylation in at least one of the genes evaluated in this
study, suggesting that methylation of these genes is a common
occurrence in the neoplastic development of ESCC in this
population. There was a tendency for the methylation of each
tested gene to increase with histological progression, with the
clearest and most consistent increase occurring between low-
grade and high-grade dysplasia. There was a significantly
higher frequency of methylation in high-grade dysplasia and
cancer foci compared to low-grade dysplasia and normal foci
(p≤ 0.02 for each gene), and essentially no difference in
methylation frequency between high-grade dysplasia and
cancer in five of the six genes. 

Evidence of a methylation ‘field effect’ was mixed. While
some genes (MGMT, MT1G) were occasionally methylated
across a spectrum of three or more histological grades in
single resection specimens, the other genes were not, and the
heterogeneity of methylation patterns in different foci of the
same histological grade in individual resection specimens
was striking. In addition, the pattern of gene methylation in
histologically normal foci from patients with and without
cancer was quite similar; there was no methylation of p16,
RARß2, CLDN3 or CRBP, and only rare methylation of
MGMT or MT1G. While this is consistent with the latter two
genes occasionally being methylated early in the neoplastic
process, it is also consistent with these genes occasionally
being methylated in normal esophageal mucosa during aging,
and does not suggest a widespread ‘field’ of aberrant
methylation preferentially spreading into histologically
normal mucosa in cancer patients. Prospective studies will be
needed to determine the significance of gene methylation in
the absence of histologically identifiable disease. 

Only three previous studies have evaluated the methylation
of any of these genes across a histological progression of

normal, squamous dysplasia and ESCC tumor tissues.
Tokugawa et al examined p16 methylation in 42 ESCC
resection specimens and evaluated foci of invasive tumors,
high-grade dysplasia, adjacent normal tissue and remote
normal tissue in each case (9). They found p16 methylation
in 30 (71%), 30 (71%), 24 (57%), and 0 (0%) of these foci,
respectively. Strikingly, they found the same methylation
status in all blocks of tumor and dysplasia in each individual
case, and all methylation-positive normal tissue was adjacent
to methylation-positive tumors, findings that are consistent
with totally homogeneous ‘fields’ of aberrant p16 methylation.
In contrast, we found p16 methylation in 50%, 17% and 0% of
ESCC, high-grade dysplasia and normal tissue and considerable
heterogeneity in methylation status among the tumor and
dysplasia blocks from individual cases.

Wang et al examined RARß2 methylation in tumor and
neighboring non-tumor samples from ESCC patients (10).
They found methylation in 14/20 (70%) ESCC samples, 7/12
(58%) dysplasia samples, and 2/17 (12%) normal foci. Only
5 cases evaluated all three histologies in the same patient. In
these cases, all of the normal tissues were unmethylated, and
the methylation status of the dysplastic and tumor tissue was
concordant in only 3 of the 5 patients. Similarly, we found
no RARß2 methylation in normal blocks and inconsistent
methylation in dysplasia and tumor tissue.

The current study differs from that of Nie et al (8), partly
because the majority of samples in the latter are basal cell
hyperplasia (BCH). BCH has a relatively low risk of prog-
ressing into cancer (23) and, consequently, the biological
significance of gene methylation associated with this histo-
logical category may be less clear. The current study analyzes
endoscopic biopsies representing an individual's worst
histological diagnosis after mucosal iodine screening and
multiple biopsies, whereas the earlier study does not specify
whether multiple biopsies were taken from each individual or
if analysis was made of their worst histological diagnosis. In
addition, given the potential for etiologically significant
interplay between the epithelium and underlying stroma (24),
our specimens were not microdissected, in contrast to Nie
et al. Lastly, according to the findings of Nie et al, once a
gene is methylated, it can be found methylated in other biopsies
from the same patient containing a more severe histology.
This differs from the heterogeneity found in our esophageal
resections. 

We have previously shown that squamous dysplasia is the
clinically important precursor lesion of ESCC in this high-
risk Chinese population (23), squamous dysplasia (especially
high-grade dysplasia) is usually endoscopically visible after
mucosal iodine staining (25), which allows it to be targeted
for biopsy and treatment, and high-grade dysplastic and early
invasive lesions are usually treatable by focal endoscopic
therapy (26). An accurate, cost-effective primary screening
test that can identify patients with dysplastic or worse lesions
who need endoscopy is still required for a clinically practical
early detection and treatment program in such high-risk
populations. Earlier studies of esophageal balloon cytology
(EBC) have shown that morphological diagnosis of the
collected cells is not sufficiently accurate for this purpose
(maximum sensitivity/specificity of 58%/65% for biopsy-
proven squamous dysplasia or cancer) (20,27). The current
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study, while small, shows a potentially useful way to
discriminate high-grade dysplastic or worse foci from foci
with less than high-grade dysplasia by evaluating methylation
in a panel of six genes: ≥ 2 methylated genes had a
sensitivity/specificity of 80%/89% for identifying foci with
high-grade dysplasia or worse disease. We also showed the
feasibility of measuring methylation in frozen cells collected
by EBC. Together, these findings raise the possibility that
the measurement of methylation patterns may be a useful
component of a practical primary screening test for squamous
dysplasia and ESCC.

In summary, methylation of p16, MGMT, RARß2, CLDN3,
CRBP and MT1G genes is common in the esophageal mucosa
of patients with ESCC, and tends to increase in prevalence
in mucosal foci as the histological severity of the disease
increases. These genes are typically unmethylated in histo-
logically normal mucosa from patients with or without ESCC.
There is considerable variation in methylation patterns among
different mucosal foci of the same histological grade, even in
individual patients, but methylation patterns in panels of genes
may be able to identify individual patients with high-grade
lesions. Methylation can be detected in frozen cells collected
by EBC samplers, suggesting that it may be useful in a primary
screening test for ESCC and its precursor lesions. 
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