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Squamous cell carcinomas of the esophagus arise
from a telomere-shortened epithelial field
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Abstract. Critically shortened telomeres make chromosomes
susceptible to the instability and widespread cytogenetic
alterations that characterize most human cancers. We
hypothesized that the very rapid cell proliferation observed in
esophageal squamous cell carcinomas might accelerate
telomere shortening and chromosomal instability associated
with carcinogenesis. We used a number of telomere measure-
ment techniques including quantitative fluorescence in situ
hybridization (Q-FISH) to compare chromosomal aberrations
and telomere lengths of individual chromosomes in esophageal
squamous cell carcinomas (ESCCs) and nearby non-
neoplastic esophageal epithelium (NNEE) cells. Our results
showed that the mean telomere length in ESCC cells was
significantly less than that in adjacent NNEE cells, and that
telomeres in all NNEE cells were significantly shorter than
those in normal esophageal epithelium (reported previously).
In addition, there was no evidence linking telomere shortening
of a particular chromosome to field cancerization in ESCC.
However, a mechanistic link between telomere shortening
and chromosomal instability was supported by a higher
frequency of anaphase/telophase bridges and an increase in
the frequency of aneuploidy. This study furthers our
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understanding of the mechanism by which telomere
shortening and chromosomal instability lead to carcino-
genesis and field cancerization in the esophagus.

Introduction

Telomeres are nucleoprotein complexes located at the ends
of eukaryotic chromosomes, and play an important role in the
maintenance of genomic integrity. Telomeres cap the ends of
human chromosomes, protecting them against chromosome
fusion and preventing the chromosome termini from being
recognized as double-stranded DNA breaks (1-5). Because
conventional DNA replication cannot completely replicate
the ends of linear chromosomes, normal somatic cells lose
telomeric repeats with each cell division, both in vivo and
in vitro; a phenomenon referred to as the ‘end-replication
problem’. Human telomeres thus play critical roles in the
maintenance of chromosomal stability as well as in limiting
the ultimate replication capacity of cells. Telomere shortening
has been proposed to be an important biological factor in
carcinogenesis, cell senescence, cell replication, cell
immortality, and aging (6-10). To further understand the
relationship between telomere metabolism and field cancer-
ization in esophageal squamous cell carcinomas (ESCCs) and
nearby non-neoplastic esophageal epithelium (NNEE), it is
important to measure and compare the telomere lengths of
these two regions.

In a previous study, we investigated age-related shortening
of telomere lengths in normal esophageal tissues and derived
a slope (-60 bp per year) for the linear regression line on the
basis of Southern blot data (11). We hypothesized that the
very rapid cell proliferation that occurred in ESCC might
accelerate the telomere loss in this region as compared with
the nearby NNEE region. In the present study, we used a
number of different techniques to test this hypothesis. First,
we employed quantitative fluorescence in situ hybridization
(Q-FISH) to measure the telomere lengths of individual
chromosomes in metaphases from samples derived from the
two cell populations. Second, we examined aneuploidy by
observing the expression of subtelomeres and centromeres in
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ESCC and NNEE cells using multi-color fluorescence in situ
hybridization (FISH). Third, we quantified chromosomal
instability by counting the frequency of anaphase/telophase
bridges between ESCC and NNEE cells. Finally, we measured
the telomere lengths of normal esophageal tissues from
autopsy samples using traditional Southern blotting techniques
and compared the results with those (Q-FISH) of the NNEE
and ESCC cells.

Materials and methods

Sources of cells used for primary cell cultures. Specimens of
esophageal carcinoma and adjacent normal tissue were
obtained from 15 patients who underwent esophageal resection
at Tokyo Metropolitan Geriatric Hospital, Tokyo, and
Okayama University Hospital, Okayama, Japan. We used the
standard criteria for histological grading (12) of the collected
specimens. Samples from these specimens were then used to
produce primary cell cultures. These studies were performed
with approval from the Tokyo Metropolitan Institute of
Gerontology and Okayama University Institutional Human
Subjects Review Board and with the informed consent of all
participating subjects.

From among the 15 patients, we established both ESCC
(number of chromosomes, 67 or 68) and NNEE (number of
chromosomes, 46 XY) cells from two patients and only NNEE
cells from six other patients. NNEE cells were grown in
25-cm? plastic tissue culture flasks (Falcon; Becton Dickinson
Co., Franklin Lakes, NJ) in a humidified incubator (37°C, 84%
humidity, 5% CO,/ambient air atmosphere) in Keratinocyte-
SFM medium (KSFM) (Invitrogen Corp., Carlsbad, CA)
supplemented with 40 pg/ml bovine pituitary extract (BPE)
(Kurabo, Kobe, Japan), 1.0 ng/ml epidermal growth factor
(EGF) (Invitrogen Corp.), 100 U/ml penicillin, and 100 pug/
ml streptomycin (Invitrogen Corp.). ESCC cells were grown
in 25-cm? plastic tissue culture flasks in a humidified
incubator (37°C, 84% humidity, 5% CO,/ambient air
atmosphere) in RPMI-1640 medium (Sigma Co., NY)
supplemented with 10% FCS (Moregate BioTech, Australia
and New Zealand), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen Co.). The NNEE and ESCC cells
were passaged weekly at 75% confluence using 0.25%
trypsin/0.02% ethylenediaminetetraacetic acid (Life
Technologies, Inc., Rockville, MD) for detachment, followed
by inactivation with serum-containing media (normal or
charcoal-stripped as appropriate) and by seeding into new
flasks using a split ratio of 1:10. All cells were found to be
free of mycoplasma contamination using a polymerase chain
reaction-based mycoplasma detection kit obtained from the
ATCC (catalog no. 90-1001K, Rockville, MD). All media and
passaging procedures were carried out in accordance with the
accompanying ATCC recommendations.

Metaphase preparations using quantitative fluorescence in
situ hybridization (Q-FISH) and karyotype analysis. The
esophageal cancer and epithelium cell cultures were treated
with 0.1 pg/ml colcemid (Sigma Co.) for 30 min to
accumulate mitotic cells, which were later harvested in
accordance with the standard cytogenetic procedure. After
hypotonic swelling in KCI buffer for 18 min at 37°C, the
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cells were fixed by three washes with methanol/acetic acid
(3:1), dropped onto clean wet slides, and dried overnight.
In situ hybridization was performed with a telomere Cy3-
conjugated (CCCTAA); probe and a centromere FITC-
conjugated (CTTCGTTGGAAACGGGGT) peptide nucleic
acid (PNA) probe (PBIO/Biosearch Products, Bedford, MA)
as described previously (13-15). The chromosome preparations
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI; Molecular Probes, Eugene, OR). For chromosomal
analysis, the cells were karyotyped from Q-FISH samples
(DAPI-stained chromosomes and FITC-stained centromeres)
using the standard air-drying method (16). These cells were
then treated with 0.1 pg/ml colcemid for 2 h during the non-
exponential growth phase. The cells were analyzed using an
ISIS Karyotyping System (Metasystem GmbH, Altlussheim,
Germany) and trypsin G-banding. A count of the modal

Quantitative fluorescence in situ hybridization and image
analysis of telomeres. Q-FISH and image analysis were
performed as described previously (17). Digital images were
recorded with a CCD camera, ORCA-ER-1394 (Hamamatsu
Photonics KK, Hamamatsu, Japan) on a Nikon 80i
epifluorescence microscope (Eclipse 80i FU-RFL, Nikon,
Tokyo, Japan) equipped with a triple band-pass filter (61010,
Chroma Technology, Corp., Rockingham, VT) and a x60 oil
objective lens (Plan Apo 60x/1.4, Nikon, Tokyo, Japan) for
Cy3/FITC/DAPI. Microscope control and image acquisition
were both performed using Image-Pro Plus software
(ver. 5.0, Media Cybernetics Co. Ltd., MD). Two levels of
calibration were used to ensure a reliable quantitative
estimation of telomere length in various samples. First, to
correct for daily variations in lamp intensity and alignment,
images of fluorescent beads (orange beads, size 0.2 ym,
Molecular Probe Inc.) were acquired and analyzed using the
same software that estimates telomere lengths of individual
chromosomes (TFL-TELO, ver. 2.0, Terry Fox Laboratory,
BC Cancer Research Center, Canada). Second, the conversion
of telomere intensities to telomere fluorescence units (TFUs)
was obtained experimentally by correlation with Southern
blot data for our cell line TIG-1 (population doublings of 12,
32,60, and 62) (data not shown).

Southern blotting. Southern blotting and data analysis were
performed as described previously (11).

Sample preparation for FISH analysis of the subtelomeres.
FISH analysis using the primary cultured cells was
performed as described by Bosch et al (18). The slides were
washed in a standard 2X SSC solution, dehydrated in an
ethanol series, and denatured for 3-5 min in 70% formamide
solution at 73°C. For the FISH analysis, the following multi-
color TelVysion telomeric probes (Abbott Molecular Inc.,
IL) were used: 3p, 6p, 8p, 9p, 11p, and 12p (Spectrum
Green); 3q, 6q, 8q, 9q, 11q and 12q (Spectrum Orange); 13p,
17p, 18p, 17q, and 18q (Spectrum Green and Spectrum
Orange, mix appears as yellow); and 13q, 14, 17, and 18
centromeres (Spectrum Aqua). The probes were denatured at
73°C for 5 min, and then the slides were hybridized with
probes in a dark chamber for 12-24 h at 37°C. DAPI-III
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Table I. Mean fluorescence intensities (MFI) and lengths of telomeres in esophageal epithelial and cancer cells.

Sample  Age  Sex Metaphase MEFI of MEFI of MEFTI of Mean Mean telomere ~ Mean telomere
no. (years) spreads telomeres on telomeres telomeres telomere lengths of lengths of
examined p- and g-arms on p-arms on g-arms lengths (kbp)* p-arms (kbp) g-arms (kbp)

E7N 45 M 13 6396+5358 6525+5475  6268+£5238 7.8+4.0 7.9+4.0 7.7£3.9
E8N 58 M 11 3889+3007 3753+2918  4026+3088 5.9+2.2 5.8+22 6.0+2.3
E9N 68 M 12 5358+4686 521144511  5505+4853 7.0+3.5 6.9+33 7.1£3.6
E9Ca 12 3692+2201 - - 5.7+1.7 - -

(69% of normal)
E10N 58 M 13 4173+2917 40462824  4301+3003 6.2+2.2 6.1+2.1 6.2+22
E10Ca 11 3120+1863 - - 54+14

(75% of normal)
ElIN 48 M 11 4867+3746 4881+3802  4853+3691 6.7+2.8 6.7+2.8 6.7£2.7
E12N 74 M 10 37252263 3715+2218  3736+2307 5.8+1.7 5.8+17 5.8+1.7
E13N 64 M 11 5609+4721 5593+4797  5626+4645 7.2+3.5 72435 72434
E14N 68 M 11 8852+7249 8838+7296  8865+7206 9.6+5.3 9.6+54 9.6+£5.3

%The mean telomere lengths of chromosomes in the ESCC cells were significantly less (p<0.0001) than those in the corresponding NNEE of the same patient.

counterstain (Abbott Molecular Inc.) and anti-fade were
applied to the slides prior to observation. Cell nuclei
decondensation was carried out by incubating the slides in
a solution of 5 mM DTT at 37°C for 8-15 min before
denaturation. For subtelomeric probes, slides were treated
with pepsin and post-fixed with 1% formaldehyde solution
prior to hybridization. Images were examined qualitatively
using our epifluorescence microscope system Eclipse 80i
FU-RFL.

Immunohistochemical staining analysis. IHC was performed
using the avidin/biotin complex/horseradish peroxidase
method (19). Tissue sections, 4-um thick, were stained for
hTERT with a monoclonal antibody (NCL-L-hTERT;
Novocastra, Newcastle-upon-Tyne, UK).

Sample preparation for anaphase/telophase bridge analysis.
The ESCC and NNEE cultures were fixed without colcemid
treatment, stained for 30 sec, Giemsa stained, and analyzed
using a light microscope. At least 1000 chromatin bridges
were evaluated in each case.

Statistical analysis. Differences in p values were analyzed by
the Chi-square test for independence, and Fisher's z test and
Pearson's correlation coefficient were used to compare any
correlations. In all comparisons, differences of p<0.05 were
considered to be significant.

Results

Telomere shortening in primary cultured cells. As shown in
Fig. 1A, all NNEE cells (10-13 metaphases each from the
8 patients) had normal chromosome morphology; the
chromosomal count of the metaphases was 46 (Fig. 1B). In

the ESCC cells, the chromosomal counts of the metaphases
were 68 (12 metaphases from patient E9Ca), and 67 and/or
68 (11 metaphases from patient E10Ca). The mean telomere
lengths of chromosomes in the ESCC cells were significantly
less (p<0.0001) than those in the corresponding NNEE of the
same patient. The telomere lengths of seven of the NNEE
cells, excluding E7N, showed marked homogeneity: very
short telomeres were generally observed in the NNEE cells
(Table I), and the standard deviations were very small. In the
E7N metaphases (Fig. 1C), the telomere lengths of 5p, 11p,
6q, and 12q were significantly greater than the mean telomere
length, whereas the telomere lengths of 9p, 13p, 17p, 19p,
21p, 22p, 3q, 17q, and 22q were significantly less than the
mean telomere length. In the ESN metaphases (Fig. 1D), the
telomere length of 13q was significantly greater than the
mean telomere length, and the telomere lengths of 21p and
8q were significantly less than the mean telomere length. In
the E12N metaphases (Fig. 1H), the telomere lengths of 14p
and Yq were significantly less than the mean telomere length.
In the E13N metaphases (Fig. 11), the telomere length of 4p
was significantly greater than the mean telomere length, and
the telomere length of 21p was significantly less than the
mean telomere length. In the E14N metaphases (Fig. 1J), the
telomere lengths of 22p and Yq were significantly less than
the mean telomere length. In the eight NNEE cells combined,
no common or specific chromosome in the p- or g-arms had
significantly shorter telomeres than the other chromosomes
(Fig. 1C-)).

Southern blot analysis. As shown in Fig. 2, the mean telomere
lengths in the NNEE cells examined by Southern blotting
were significantly less than those of normal esophageal
tissues obtained at autopsy. The telomeres of both groups of
cells did not shorten with age (range 40-75 years).
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Immunohistochemical staining. The hTERT protein was
strongly expressed in the nuclei and cytoplasm of almost all
of the basal cells, a few of the epibasal cells, and almost all
of the lymphocytes in the stromal tissue (Fig. 3).

Chromosomal aneuploidy of ESCC and karyotype of NNEE;
gain and loss. We examined specific chromosomal
abnormalities by observing metaphase spreads using color
FISH with subtelomere-specific probes. We observed both
ESCC (E9Ca and E10Ca) and adjacent NNEE cells (E9N and
E10N) (data not shown). The specific subtelomeres 3q, 8q,
9q, 11p, 11q, 12q, 17p, and 18q in both ESCC (E9Ca and
E10Ca) cells showed an increased gain of aneuploidy in
comparison with the NNEE cells (EON and E10N). We found
distinctly increasing chromosomal instability in the ESCC
cells compared with the adjacent NNEE cells (data not
shown). However, we did not establish any correlation
between telomere shortening or gain of specific chromo-
somes in either of the chromosomal arms.
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Anaphase/telophase bridge analysis. We determined the
correlation of telomere length with the number of anaphase/
telophase bridges in ESCC and NNEE cells. Although
anaphase/telophase bridges were observed in both ESCC and
NNEE cells (Fig. 4A and B), their frequency was significantly
dependent on telomere shortening in both cell types
(p=0.0231) (Fig. 4C).

Discussion

Functional telomeres protect the chromosome ends from
recombination and fusion and are therefore essential for
maintaining chromosomal stability (20-23). In the presence of
shortened telomere repeat fragments, the ends of linear chromo-
somes may undergo bridge-fusion breakage events that result
in both structural and numerical chromosomal abnormalities
(21,24,25). Therefore, genetically unbalanced chromosomal
translocations, a key feature of most human cancers, are
closely associated with the presence of shortened telomeres.
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Figure 1. Examples of quantitative fluorescence in situ hybridization (Q-FISH) using normal and cancerous esophageal cells and a PNA telomeric probe, a
PNA centromeric probe, and DAPI counterstain. Q-FISH revealed variations in the telomere lengths of each chromosome in NNEE cells. Bar plots show a
comparison of the average telomere lengths in the p- and q-arms of individual chromosomes with the mean telomere length of the 8 NNEE cell lines.
(A) Specificity of telomeric (red) and centromeric (green) signals during metaphase (stimulated) in a cell derived from non-cancerous esophageal epithelium
(NNEE). (B) Q-FISH karyotype analysis of metaphase cells in a cell derived from NNEE. (C) E7N, (D) ESN, (E) E9N, (F) EI0N (G) EIIN, (H) EI2N,
(I) E1I3N, and (J) E14N cells. The blue bar indicates a significantly greater telomere length than the mean, and the red bar a significantly shorter telomere
length than the mean. These plots compared the average telomere length in the p- and q-arms of chromosomes from NNEE cells (black line), ESCC cells (red
line), and the telomere lengths in the p- and q-arms of individual chromosomes from NNEE cells. The telomere lengths of the seven NNEE cells showed
marked homogeneity excluding E7N. The mean telomere lengths of chromosomes in the ESCC cells were significantly less than those in the corresponding
NNEE cells. There was no specific chromosome with a p- or g-arm that had shorter telomeres in any of the cells from the eight NNEE samples.
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Figure 2. Comparisons of telomere lengths of NNEE cells and normal
esophageal epithelium by Southern blotting. The telomere lengths in ESCC
and NNEE cells were significantly less than those of normal esophageal
epithelium tissue obtained at autopsy from individuals age-matched with the
samples used for Southern blotting (p<0.001).

In this study, we measured telomere length in the arms of
specific chromosomes from cell cultures derived from ESCC
and nearby NNEE tissue. Most of the median TFUs in the p-
and g-arms of chromosomes in ESCC cells were significantly

shorter than the median TFUs in the corresponding p- and g-
arms in NNEE cells. Martens et al reported that telomeres on
chromosome 17p in cancer cells were shorter than the
telomeres in normal cells and that these relatively short
telomeres contributed to the frequent loss of 17p alleles seen
in human cancer (26). For certain patients in our study, we
observed that specific chromosomes had either significantly
shorter or longer telomeres than the median TFUs, whereas
the same phenomenon was not observed in other patients.
Thus, it is unlikely that telomere shortening of a particular
chromosome is responsible for the cancer. It is likely that the
overall shortening of telomeres in NNEE cells leads to
carcinogenesis in ESCC cells (27).

Mandard et al reported that ESCC in the esophagus was
consistent with field cancerization and correlated with mutant
p53 (28). We investigated telomere lengths in NNEE and
ESCC cells by Southern blotting and discovered that telomeres
were significantly shorter than those of normal esophageal
tissues obtained at autopsy. This alternative method of
telomere length measurement further justifies the contention
that telomere shortening occurs not only in ESCC but also in
the nearby NNEE. These results suggest that telomere
shortening in the esophageal epithelium is linked to carcino-
genesis in ESCC and field cancerization in the esophagus.

On the other hand, the hTERT protein, detected by IHC,
was strongly expressed in the nuclei and cytoplasm of almost
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Figure 3. Immunohistochemical (IHC) staining of normal esophageal epithelium and cancer in tissue sections. (A) IHC shows that the hTERT protein is
expressed in the basal cells in normal esophageal epithelium and in lymphocytes in normal esophageal submucosa. (B) IHC shows that the hTERT protein is
expressed in the cancer cells in cancer areas and in lymphocytes in normal esophageal submucosa.
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Figure 4. Anaphase/telophase bridge analysis. (A) Cancer cells (E9Ca).
Images show a chromatin string connecting nuclei in two adjacent cells,
connecting two lobes of a nucleus, and connecting two nuclei. (B) Epithelial
cells (E9N). Image shows a chromatin string connecting two lobes of a
nucleus. (C) Correlation of telomere lengths and anaphase/telophase bridges
in ESCC and NNEE. The frequency of anaphase/telophase bridges showed a
significant inverse correlation with telomere length in ESCC and NNEE
(p=0.0231).

all of the basal cells, a few of the parabasal cells in NNEE,
and in the nuclei and cytoplasm of almost all ESCCs. These
results suggested that these normal cells have hTERT
expression, and might also explain why ESCC arises from
NNEE by field cancerization. Both the presence and relative
abundance of these hTERT-expressing epithelial cells within
NNEE thus lead us to speculate that ESCC may arise from
these hTERT-expressing epithelial cells.

Anaphase/telophase bridges are a hallmark of telomere
dysfunction and can lead to chromosomal losses, gains, and
rearrangements after breakage (3,29). Although NNEE cells
had anaphase/telophase bridges, the frequency of anaphase
bridges in ESCC cells was significantly higher than in NNEE
cells. We did not find aneuploidy in the 8 samples of NNEE
cells, and only 2 of the ESCC samples showed aneuploidy.
The frequency of anaphase/telophase bridges was significantly
dependent on telomere shortening in ESCC and NNEE.
These results also suggest that telomere shortening-related
chromosomal instability is likely to accelerate carcinogenesis
in the esophagus.

In conclusion, very short telomeres and anaphase/
telophase bridges were found in both ESCC and NNEE cells
using a number of different measurement techniques. This
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suggests that genetically unbalanced chromosomal trans-
locations and anaphase/telophase bridges are a result of
shortened telomeres in the cells, and that carcinogenesis in
ESCC cells may propagate from NNEE cells. This study
furthers our understanding of the phenomenon by which
telomere shortening and chromosomal instability possibly
lead to carcinogenesis and field cancerization in the
esophagus.
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