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ABSTRACT

Progressive telomere shortening with aging was
studied using normal esophageal mucosal speci-
mens from 177 human subjects aged between 0 and
102 years (yrs). We observed age-related shorten-
ing of the telomere, at a rate of 60 base pairs (bp) per
year (yr). The mean telomere length of 12 neonates
was 15.2 kilobase pairs (kbp) and that of 2 centenar-
ians was 9.3 kbp. Mean (£ SD) telomere lengths were
14.91+1.3, 14.041.8, 10.1+3.7, 10.4£3.3 and 9.5+3.1
kbp for the age groups less than 2 yrs, 2-20 yrs, 21-
60 yrs, 61-80 yrs and 81-102 yrs, respectively. The
variation in telomere length among individuals in
the same age group was greater for the 3 older
groups than for the 2 younger groups, as shown by
the SDs. Furthermore, older individuals had greater
telomere length variation than younger individuals,
based on the lengths of DNA digested smears.
Although the telomere length decreased signifi-
cantly with aging at the rate of 60 bp per yr, differ-
ences in the mean telomere lengths between the 3
older age groups were not significant. Rapid short-
ening occurred in the young generations and there
was no further substantial decrease in the esoph-
ageal mucosa after 60 yrs of age. Compared to the
very rapid renewal rate of the esophageal epithelial
cells, the annual reduction rate in telomere length
was very low. These findings support the hypoth-
esis that germ cells in the esophageal epithelium
have a mechanism to lengthen telomeres.
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INTRODUCTION

Normal human cells exhibit a limited capacity to prolifer-
ateinculture, as stated in Hayflick’s hypothesis,' and the
finite replicative lifespan of normal cells in culture is
frequently used as a model of human aging. This
phenomenon is considered to be associated with reduc-
tion in telomere length as an indicator of the number of
cell divisions undergone.? The telomeres, regions of
DNA Jocated at the ends of eukaryotic chromosomes,
are considered to protect chromosomes against degen-
eration, reconstruction, fusion and loss® and also to
ensure the complete replication of DNA molecules.*
Telomeric DNA has a very simple structure, with hun-
dreds to thousands of TTAGGG repeats, in humans and
othervertebrates.® Althoughithas been known for many
years that these repeats are shortened by about 50-150
base pairs (bp) at each cell division in human fibroblasts®
and lymphocytes in vitro,” telomere shortening with
aging in many other human cell types in vivo has not
been studied. Reduction rates of human telomere
shortening per year have only been reported for skin
fibroblast-like cells,® peripheral lymphocytes,” epider-
mal cells,® peripheral blood cells in vivo,? mucosa of the
large and small intestines,® large bowel mucosa' and
vascular intimal tissues.” We have conducted systemic
studies to measure the telomere length from human
tissue of all types, including the esophageal mucosa. In
the present study we measured the lengths of Hinfl
digested terminal restriction fragments (TRFs), which
are mainly composed of repeats of TTAGGG, to esti-
mate the telomere length in normal epithelial cells of
esophageal specimens obtained from 177 patients at
autopsy examinations. We then calculated the annual
rate of telomere loss.



MATERIALS AND METHODS

Autopsy specimens of normal esophageal mucosa were
obtained from 177 patients (87 males and 90 females,
agedbetween 0 and 102 yrs). This study group included
12 neonates (0-4 weeks), 4 infants (4 weeks - less than
2 yrs), 6 children and youths (2-20 yrs) and 2 centenar-
ians (> 99 yrs). Only one each could be examined in their
20s and 30s, and only three in their 40s.

Autopsy examinations were performed within 5 h of
death at the Tokyo Metropolitan Geriatric Hospital and
the Japanese Red Cross Medical Center. None of the
patient histories or examination findings suggested evi-
dence of esophageal carcinoma. All samples of esoph-
ageal mucosa were stored at -80°C until use.

Genomic DNA was prepared from each sample by
treating the samples with proteinase K and sodium
dodecyl sulfate (SDS) followed by repeated phenol-
chloroform extraction. Five microgram aliquots of DNA
were digested with the restriction enzyme Hinfl
(Boehringer Mannheim Biochemica, Germany). Com-
plete cutting by the enzyme was confirmed by electro-
phoresis of the DNA digests on 0.8% agarose gels.
Fractionated DNA fragments were transferred to nylon
membranes (Hybond-N+, Amersham, UK) by an alka-
line transfer technique using capillary blotting. The
membranes were incubated for 12 h at 50°C in hybrid-
ization buffer (6 X SSPE [1 X ;0.15 M NaCl, 10 mM
sodium phosphate, 1 mM EDTA, pH 7.4], 1% SDS)
containing a (TTAGGG4), probe that had been labeled
with [y-32P]ATP (Amersham) at the 5' end using T4
polynucleotide kinase (Toyobo, Japan). The mem-
branes were washed first in 2 X SSC (NaCl 17.55 g/l,
sodium citrate 8.82 g/l) at room temperature, and thenin
6 X S8C, 0.1% SDS at 50°C for 15 min with shaking,
then dried with filter papers and used to expose to x-ray
film and Fuji Imaging Plates (Fuji Photo Film Co. Ltd.,
Japan) for 3 h at room temperature. The Fuji Imaging
Plates were subsequently analyzed with a BAS-2500
Mac image analyzer (Fuji Photo Film Co. Ltd.) using the
programs Image Reader (version 1.1, Fuji Photo Film
Co. Ltd.) and Mac Bas (version 2.4, Fuji Photo Film Co.
Ltd.). We estimated mean TRF length at the peak
position of hybridization signal in each lane in compari-
son with the molecular size markers and TRF length was
recorded for simplicity as telomere length.>'? Differ-
ences in mean values were analyzed by Student’s t-test
and correlations were analyzed by the Fisher’s test.

RESULTS

The smears of telomeric DNA of the esophageal mucosa
on the Southern blotting radiographs were very short for
the 2 younger groups and long for the 3 older groups,
indicating greater variation in telomere lengthamong the
cells from an individual subject in the oider groups
(Figure 1).

Figure 2 shows the telomere lengths for all of the
subjects, plotted as a function of donor ages. Fisher’s
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Figure 1: Representative autoradiogram showing Southern
blot analysis of telomeric DNA from the esophageal mucosa of
subjects aged O to 102 yrs. Sizes are indicated on the left.
Radiographic results for subjects aged 1 day (2) and 2, 59, 60,
66, 101, and 102 yrs old are shown. The terminal restriction
fragment lengths for these subjects were 15.1,17.2,14.9, 8.9,
9.4, 13.7, 8.3, and 10.3 kbp respectively. The smears of
telomeric DNA of the esophageal mucosa on the Southern
blotting radiographs are short for 2 neonates and an infant and
long for the 5 older subjects, demonstrating greater variability
among cells in the latter. Note that long telomeres could still be
occasionally observed in older subjects.

test confirmed conspicuous age-related shortening (r =-
0.468, p <0.001), despite the long telomere lengths
occasionally recognizable in older individuals, and the
mean rate of telomere shortening was calculated to be
60 bp per yr.
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Figure 2: Telomere lengths of individuals. The mean terminal
restriction fragment length for each individual, determined by
quantitative analysis, is plotted against age. The slope (-60 bp
per yr) of the linear regression line is significantly different from
0 (p < 0.0001).
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The mean telomere length of 12 neonates was 15.2
kilobase pairs (kbp) and that of 2 centenerians was 9.3
kbp). The mean (= SD) telomere lengths by age group
were 14.91+1.3,14.0+1.8,10.1£3.7, 10.4+3.3and 9.513.1
kbp for the age groups less than 2 yrs, 2-20 yrs, 21-60
yrs, 61-80 yrs and 81-102 yrs old, respectively (Figure
3). Telomere lengths were not significantly different
between the 3 older age groups (21-60, 61-80 and 81-
102 yrs) (Figure 3). However, telomere shortening was
found to be significant when the data for the 2 younger
groups were compared to the data for the 3 older groups.

* ;. p<0.0001
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Figure 3: Mean telomere lengths in the five age groups. Only
two autopsy cases were 21-40 yrs old and these two and those
in the 41-60 yrs age category were considered together (21-60
yrs). Telomere lengths were not significantly different between
the 3 older age groups (21-60, 61-80, and 81-102 yrs). How-
ever, shortening was found to be significant when the data for
the 2 younger groups were compared to data for the 3 older age
groups.

Subjects with telomere lengths more than 14 kbp
occurred with frequencies of 81% (< 2 yrs), 50% (2-20
yrs), 15% (21-60yrs), 13% (61-80 yrs) and 13% (81-102
yrs). Values for 10 up to 14 kbp were 19% (< 2 yrs), 50%
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(2-20 yrs), 35% (21-60 yrs), 40% (61-80 yrs) and 29%
(81-102 yrs), for 6 up to 10 kbp were 0% (< 2 yrs), 0% (2-
20yrs), 40% (21-60 yrs), 44% (61-80 yrs) and 50% (81-
102 yrs), and for less than 6 kbp were 0% (< 2 yrs), 0%
(2-20yrs), 10% (21-60 yrs), 3% (61-80 yrs) and 8% (81-
102 yrs)(Figure 4). No subjects in the 2 younger age
groups had short telomeres less than 10 kbp.
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Figure 4: Telomere length as a function of subject age. No
subjects in the 2 younger age groups had short telomeres less
than 10 kbp. About haif of the telomere lengths of subjects older
than 21 yrs were less than 10 kbp.

DISCUSSION

Telomeres shorten after every cell division, with the
exception ofimmortal, carcinomatous and germ cells 3 1
Telomere shortening has been reported in skin fibro-
blast-like cells,® peripheral lymphocytes,” epidermal
cells,® peripheral blood cells,2 mucosa of the large and
small intestines,® large bowel mucosa' and vascular
intimaltissues'' of humans. However, there has hitherto
been no information documented about esophageal
mucosa. In the present study we established that
telomere shortening occurs at the rate of 60 bp per yrin
the esophagus of Japanese. The telomere lengths were
similar in the 3 older groups (21-60, 61-80 and 81-102
yrs), but significantly shorter when compared with the 2
younger groups. Suggesting rapid shortening occurred
in the young patients and at some point between 21 and
60 years, substantial telomere shortening ceased. It
proved difficult to collect enough esophageal samples
from patients within the 21-60 yr age span to estimate
when this may occur. Reported rates of telomere
shortening are 41 bp per yrin human peripheral lympho-
cytes,” 19.8 bp per yr in human epidermal cells,® 33 bp
per yr in human peripheral blood cells,? 42 bp per yr in
human intestinal mucosa® and 67 bp per yr in human
farge bowel mucosa.' These reduction rates are all less
than the generally assumed rate of 100 bp per cell
division. However, turnover times of esophageal and
colonic mucosal epithelia are very rapid, about 3-7
days, and the proliferative zone of the esophageal
epithelium is a basal layer that sits on the basement
membrane on the lamina proper mucosae.' s There-
fore, the germ cells in the basal layer of the esophageal




epithelium may divide more than 50 times a yr. Based
on a simple calculation, this suggests that the telomere
length should reduce by 5000 bp per yr (100 bp lost per
cell division X 50 cell divisions per yr), whereas we
observed a reduction of only 60 bp, compatible with only
one cell division peryr. These results suggest that either
not all germ cells divide and only a very small number
divide very frequently, or germ cells in the esophageal
epithelium have a mechanism to lengthen telomeres.

In 1965 Marques-Pereira and Leblond's reported that
after a cell division in the epithelium of esophageal
mucosa either 1 of the 2 daughter celis stays in the
germinal area and the other goes up to the epithelial
surface, or both daughter cells stay in the germinal area,
or both go up to the epithelial surface. Their results may
suggest why we observed greater variation in telomere
length in individuals in the older age groups than in
individuals in the younger groups.

Although we have reported in a previous paper that 22
of 92 normal esophageal mucosae had detectable
telomerase activity,'? that is of a ribonucleoprotein that
synthesizes telomeric DNA onto chromosomal ends by
using a segment of its RNA component as a template, *®
none was evident in the present study. However, our
data on the distribution of hybridization signals in the
older groups and wide variation of the telomere lengths
among individuals in the three groups might suggest that
only small numbers of germ cells are involved, introduc-
ing a sampling variable.

Strong telomerase activity in humans has been de-
tected in germline cells and carcinoma tissues as well as
in established cultured cell lines,'” but, in contrast, notin
most normal human somatic cells. However, keratino-
cytes of the skin epidermis'® and endothelial cells' have
been reported to have weak telomerase activity when
maintained in culture. Moreover, it has recently been
reported that non-neoplastic peripheral leukocytes,®
gastric mucosa?' and colonic mucosa of man are
positive. We reported earlier that the human esoph-
ageal mucosa has telomerase activity that is detectable
by telomeric repeat amplification protocol assay,*?inline
with results from other groups using the TRAP assay
and in situ hybridization, respectively.?>2* In the latter
case squamous esophageal epithelium demonstrated
weak positive signals limited to basal ceils.?® Our data
and the data of others support the idea that a telomerase
maintenance mechanism, perhaps telomerase, in the
stem cells of the basal layer in the esophageal mucosa
is able to prevent significant telomere shortening as
compared to other somatic cells without telomerase.

ACKNOWLEDGMENTS

This work was partly supported by a Grant-in-Aid for
Cancer Research from the Ministry of Health and Wel-
fare of Japan and a Grant-in-Aid from the Ministry of
Education, Science, Sports and Culture of Japan.

98

REFERENCES

1.

10.

11.

12.

13.

14.

Hayflick L: The limited in vitro lifetime of human
diploid cell strains. Exp. Cell Res., 37:614-636,
1965.

Hastie ND, Dempster M, Dunlop MG, Thompson
AM, Green DK, and Allshire RC: Telomere reduc-
tion in human colorectal carcinoma and with age-
ing. Nature, 346: 866-868, 1990.

Blackburn EH: Structure and function of telomeres.
Nature, 350: 569-573, 1991.

. LevyMZ, Allsopp RC, Futcher AB, Greider CW, and

Harley CB: Telomere end-replication problem and
cell aging. J. Mol. Biol., 225: 951-960, 1992.

. Moyzis RK, Buckingham JM, Cram LS, Dani M,

Deaven LL, Jones MD, Meyne J, Ratliff RL, and Wu
J-R: A highly conserved repetitive DNA sequence,
(TTAGGG),, present at the telomeres of human
chromosomes. Proc. Natl. Acad. Sci. USA, 85:
6622-6626, 1988.

. Harley CB, Futcher AB, and Greider CW: Telom-

eres shorten during ageing of human fibroblasts.
Nature, 345: 458-460, 1990.

VaziriH, Schachter F, Uchida |, Wei L, Zhu X, Effros
R, Cohen D, and Herley CB: Loss of telomeric DNA
during aging of normal and trisomy 21 human
lymphocytes. Am. J. Hum. Genet., 52: 661-667,
1993.

Lindsey J, McGill NI, Lindsey LA, Green DK, and
Cooke HJ: In vivo loss of telomeric repeats with age
in humans. Mutat. Res., 256: 45-48, 1991.

Hiyama E, Hiyama K, Tatsumoto N, Kodama T,
Shay JW, and Yokoyama T: Telomerase activity in
human intestine. Int. J. Oncol., 9: 453-458, 1996.

Nakamura K, Furugori E, Takubo K, Izumiyama N,
Arai T, Esaki Y, FujiwaraM, Okayasul, and Oshimura
M: Telomere lengthin normal mucosa and cancer of
the digestive tract. Tumor Markers (Shuyo Marker
Kenkyukaishi), 14: 33-35, 1999. (in press) (in Japa-
nese)

Chang E and Harley CB: Telomere length and
replicative aging in human vascular tissues. Proc.
Natl. Acad. Sci. USA, 92:11190-11194, 1995,

Takubo K, Nakamura K, lzumiyama N, Mafune K,
Tanaka Y, Miyashita M, Sasajima K, Kato M, and
Oshimura M: Telomerase activity in esophageal
carcinoma. J. Surg. Oncol., 66: 88-92, 1997.

Greider CW: Telomere length regulation. Annu.
Rev. Biochem., 65: 337-365,1996.

Eastwood GL: Gastrointestinal epithelial renewal.
Gastroenterology, 72: 962-975, 1977.



Telomere Shortening in Human Esophageal Mucosa

15.

16.

17.

18.

19.

20.

21.

22.

23.

Marques-Pereira JP and Leblond CP: Mitosis and
differentiation in the stratified squamous epithelium
of the rat esophagus. Am. J. Anat., 117: 73-90,
1965.

Greider CW and Blackburn EH: |dentification of a
specific telomere terminal transferase activity in
Tetrahymena extracts. Cell, 43: 405-413, 1985.

Kim NW, Piatyszek MA, Prowse KR, Harley CB,
West MD, Ho PLC, Coviello GM, Wright WE,
Weinrich SL, and Shay JW: Specific association of
human telomerase activity with immortal cells and
cancer. Science, 266: 2011-2015, 1994.

Yasumoto S, Kunimura C, Kikuchi K, Tahara H, Ohiji
H, Yamamoto H, Ide T, and Utakoji T: Telomerase
activity in normal human epithelial cells. Oncogene,
13: 433-439, 1996.

Hsiao R, Sharma HW, Ramakrishnan S, Keith E,
and Narayanan R: Telomerase activity in normal
human endothelial cells. Anticancer Res., 17: 827-
832, 1997.

Counter CM, Gupta J, Harley CB, Leber B, and
Bacchetti S: Telomerase activity in normal leuko-
cytes and in hematologic malignancies. Blood,
85:2315-2320, 1995.

Hiyama E, Yokoyama T, Tatsumoto N, Hiyama K,
Imamura Y, Murakami Y, Kodama T, Piatyszek MA,
Shay JW, and Matsuura Y: Telomerase activity in
gastric cancer. Cancer Res., 55: 3258-3262, 1995.

Ikeguchi M and Kaibara S: Telomerase activity in
esophageal squamous cell carcinoma and in nor-
mal esophageal epithelium adjacent to carcinoma.
Jpn. J. Clin. Med. (Nipponrinsho), 56: 1176-1180,
1998. (in Japanese with English abstract)

Morales CP, Lee EL, and Shay JW: In situ hybrid-
ization for the detection of telomerase RNA in the
progression from Barrett’s esophagus to esoph-
ageal adenocarcinoma. Cancer, 83: 652-659, 1998.

99



