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As there has been no previous information on the con-
sequences of telomerase expression in genetically altered,
mortal cells derived from pre-malignant tissue, we sought
to determine the effect of hTERT (human catalytic subunit
of telomerase reverse transcriptase) transduction of pre-
malignant cell strains from Barrett's esophagus that do not
contain telomerase activity and possess a finite lifespan.
Primary cultures of Barrett's esophageal epithelium
transduced with a retrovirus containing hTERT were
characterized by growth factor requirements, cytogenetics
and flow cytometry. Expression of telomerase lengthened
telomeres and greatly extended the lifespan of hTERT
transduced (hTERT�) Barrett's esophagus cells. Growth
factor dependency of the hTERT� cultures remained lar-
gely similar to the parental cultures, although there was a
modest increase in the ability to grow in agar. Chromoso-
mal instability, measured by both karyotypic and FISH
(fluorescence in situ hybridization) analyses, was reduced
but not abrogated by hTERT transduction, suggesting that
telomerase expression can enhance genomic stability. How-
ever, the persistence of residual instability gave rise to
new clonal and non-clonal genetic variants, and in one
hTERT� culture a new DNA aneuploid population was
observed, the only time such a ploidy shift has been seen
in Barrett's cell strains in vitro. These in vitro observations
are analogous to the clinical progression to aneuploidy that
often precedes cancer in Barrett's esophagus, and suggest
that reactivation of telomerase may be permissive for con-
tinued genetic evolution to cancer. Long-lived Barrett's
esophagus epithelial cultures should provide a useful
in vitro model for studies of neoplastic evolution and
chemopreventive therapies.

Introduction

Introduction of the catalytic unit of human telomerase, hTERT
(human catalytic subunit of telomerase reverse transcriptase),
into a variety of human cell types typically extends lifespan
without in general altering growth factor requirements, tumor-
igenicity and chromosomal instability. We have previously
established pre-malignant Barrett's esophagus cell strains con-
taining early genetic changes associated with neoplastic pro-
gression in vivo, including inactivation of p53 and p16 (1).
These cells have a finite lifespan and do not immortalize
spontaneously. This finite lifespan, however, limits the num-
ber of cells that can be obtained from culture and complicates
the more widespread use of these cells as an in vitro model of
Barrett's esophagus. Expression of telomerase by the forced
expression of the reverse transcriptase catalytic subunit
(hTERT) allows the extension of the in vitro lifespan of other
cell types, including NHDF (normal human diploid fibro-
blasts), retinal pigment epithelial (RPE) cells (2) and human
endothelial cells (3). Expression of hTERT also confers life-
span extension in human keratinocytes and mammary epithe-
lial cells (hMECs); however, this appears to require the
concomitant inactivation of the Rb/p16INK4a pathway (4).
The expression of telomerase in both NHDF and RPE cells
does not appear to change growth factor requirements, cell
cycle checkpoint responses or DNA strand break rejoining
activity originally found in the cells prior to hTERT expression
(5±7). Expression of telomerase also does not appear to change
chromosome stability or confer tumorigenic potential in these
cells (2,5,6), although it has been reported that immortalization
of hMECs by hTERT can lead to over-expression of the c-myc
oncogene (8), a finding that may be related to hTERT induced
resistance to TGF-beta in hMECs (9). These studies were all
conducted in cell culture systems derived from normal
tissues, and we hypothesized that evaluation of hTERT expres-
sion in pre-malignant Barrett's epithelial cell strains might
illuminate mechanisms by which telomerase promotes neo-
plastic evolution.

Thus far, there have been no studies examining the effect of
forced hTERT expression in pre-malignant, mortal but chro-
mosomally altered human cells in vitro. Previous work exam-
ined the effect of expression of telomerase in cells expressing
either SVLT (simian virus 40 large T antigen), E6/E7 and/or
H-ras (6,10,11) but not in cells derived from pre-malignant
tissue. Retroviral transfection of hTERT into late passage
mortal SVLT-Rasval12-transformed human pancreatic cell
lines and SVLT-transformed human embryonic kidney cells
prevented the onset of crisis (10,12). Altered growth and
morphology were observed in both of the hTERT expressing
cultures, but the effect on the genetic stability in the cells was
not examined. Co-expression of E6/E7 or H-ras with hTERT
in NHDF did not confer tumorigenic potential as assessed by
growth in soft agar (6). However, co-expression of SVLT and
H-ras with hTERT in human embryonic kidney cells or human
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fibroblasts did increase tumorigenic potential, as assessed by
anchorage independent growth in soft agar and tumor forma-
tion in nude mice (11). In this study, we investigate the effect
of hTERT introduction into Barrett's epithelial cell strains
with regard to altered growth factor requirements and ancho-
rage dependency.

The finite number of cell divisions observed during in vitro
cell culture, the Hayflick limit, has been hypothesized to be
due to the reduction of telomere length (13). Telomere short-
ening also appears to contribute to chromosomal instability
and rearrangement, due to uncovering of normally protected
chromosome ends, which then promotes chromosome recom-
bination and end-to-end associations (14,15). Activation of
telomerase has been observed frequently in cancer, including
Barrett's adenocarcinoma (16,17), and the lengthening of tel-
omeres by telomerase might reverse chromosome instability
caused by shortened telomeres, allowing continued prolifera-
tion of more `stabilized' cells (18). Cytogenetic studies have
suggested that lengthening of telomeric sequences can stabi-
lize sites of chromosome breakage (19) or reduce the fre-
quency of dicentric chromosomes (20). We hypothesized that
hTERT transduction into pre-malignant Barrett's epithelial
cell strains would lengthen telomeres, enhance cellular life-
span and modulate chromosomal instability. We also wished to
establish whether expression of telomerase would lead to
phenotypic changes associated with a more malignant pheno-
type, such as reduced growth factor and anchorage depen-
dency. With answers to these questions, it is possible that
hTERT transduced pre-malignant BE epithelial cells could
be a valuable in vitro model for pre-clinical studies of Barrett's
esophagus.

Materials and methods

Cell strains and cell culture conditions

Cell strains established previously from Barrett's esophagus biopsies were
maintained in MCDB 153 medium with supplementation that included 5%
fetal calf serum, 20 ng/ml EGF (epidermal growth factor) (Gibco, Grand
Island, NY), 140 mg/ml BPE (bovine pituitary extract) (Sigma, St Louis, MO),
5 mg/ml insulin, 5 mg/ml transferrin and 5 ng/ml selenium (Sigma), as
described previously (1). The four strains utilized are designated as follows:
KR-42421 (CP-A); CP-52731 (CP-B); CP-94251 (CP-C) and CP-18821
(CP-D). It has been shown previously that strain CP-A contains wild-type
p53, but that the three remaining cultures have p53 LOH and mutation; CP-
A, B and C have 9pLOH and all four strains have p16 sequence alterations. 82-
6 normal human fibroblasts were grown in Dulbecco's modified Eagle's
medium with 10% FBS (fetal bovine serum). DLD-1 colon carcinoma cell
line were maintained in RPMI containing 16% FBS.

Viral construct and selection of transduced cells

Retroviral transduction was performed using a hTERT retroviral construct or
the empty control vector (LXSN) as described previously (4). Cell strains were
transduced at the following PDLs (population doubling level) for the selection
of clones: CP-A (PDL 22); CP-B (PDL 14); CP-C (PDL 17); CP-D (PDL 13)
and at the following PDLs for mass cultures: CP-A (PDL 24); CP-B (PDL 18);
CP-C (PDL 17); CP-D (PDL 13). For LXSN� control clones in chromosome
instability studies, CP-A (PDL 15) and CP-C (PDL 17) were transduced with
LXSN, selected for resistance to G418, and then directly plated on tissue
culture slides at sparse density for individual colony formation.

TRAP (telomere repeat amplification protocol) assay

The TRAP assay was performed as described previously (21). Relative telo-
merase signal intensity was measured by phosphor imaging analysis.

Telomere hybridization

Cells were plated on slides and lightly fixed in 1% paraformaldehyde for
10 min, followed by 70% ethanol and then air-dried. Hybridization of telo-
meres was performed with FITC labeled PNA (peptide nucleic acid)
probes (Applied Biosystems, Framingham, MA) as described (22). Nuclei

were counter stained using TOTO-3 (Molecular Probes, Eugene, OR) and
slides were analyzed on a Leica TCS SP confocal microscope (Heidelberg,
Germany) using excitation at 488 and 633 nm and emission at 530 (FITC) and
670 nm (TOTO-3).

Telomere restriction fragment length analysis

Average telomere length in cell lines was determined as described previously
(23). Blots were hybridized using a 32P-labeled TTAGGG probe, washed and
exposed to BioMax film (Eastman Kodak Company, Rochester, NY).

Growth factor requirement assay

3 � 104 cells were each seeded in individual wells of a 24 well tissue culture
plate in media containing 0, 10, 50 or 100% of the normal concentrations (see
above) of BPE and FBS, and media containing 50 and 100% of the normal
concentrations of ITS (insulin-transferrin-selenium) and EGF. At the time of
the experiment, the PDL of the parental and hTERT mass cultures, respec-
tively, were as follows: CP-A (PDL 22 and 74.7); CP-B (PDL 8.2 and 86.4);
CP-C (PDL 17 and 66.3); CP-D (PDL 13 and 64). Each condition was tested in
triplicate wells. Cells were grown and harvested before 100% confluence, from
7 to 12 days post-seeding. Cells were suspended in a small volume of media
and counted visually using a hemocytometer.

Anchorage-independent growth assay

Approximately 3.4 � 103 cells were suspended in 0.35% SeaKem GTG
agarose (FMC Bioproducts, Rockland, ME) in MCDB media and 5% fetal
bovine serum over a 0.5% DNA grade agarose base layer in 6 well tissue
culture plates and then fed twice weekly. Colonies of at least 20 mm in
diameter (volume 4200 mm3, approximately equivalent to a cluster of eight
cells; estimated diameter of one cell is 10 mm for a volume of ~523 mm3) were
scored visually under phase contrast and PicoGreen (Molecular Probes) DNA
fluorescence microscopy. Control plates were examined after plating but
before culture, and confirmed that cell clumps were not present at the outset.

Fluorescence in situ hybridization (FISH)

FISH was performed on 2N and 4N sorted cells as described previously (24),
using a-centromeric probes to chromosomes 3, 7, 8 and 18 (Vysis, Downers
Grove, IL). At least 200 cells were counted for each probe, except for LXSN
transduced short-lived clones, where 100 cells were counted. A copy number
was considered modal if it was the most frequently observed number in the
group of cells counted.

Cytogenetics

Slides were prepared from colcemid arrested cells and G-banded according to
standard cytogenetic methods (25). SKY (spectral karyotyping) was used to
identify or confirm the G-band karyotype assignments. Metaphase chromo-
somes spreads were hybridized with the SKY probe mixture and analyzed
using SKYView, imaging software, following the manufacturer's instructions
(Applied Spectral Imaging, Carlsbad, CA). A minimum of five metaphase cells
from each cell line was analyzed by SKY. Structural chromosome abnormal-
ities and chromosome gains were considered clonal if the alterations were
exhibited in at least two cells from a culture. Whole chromosome losses were
considered clonal if observed in at least three cells from a culture.

Flow cytometry

DNA content flow cytometric sorting was used to purify different ploidy
populations from samples using a Elite ESP cell sorter (Beckman-Coulter,
Fullerton, CA), as described previously (21).

Statistics

To analyze CIN (chromosomal instability) by FISH analysis, the data were
transformed to rank, as the percent of FISH abnormal cells had a skewed
distribution. ANOVA (analysis of variance) was then used to test the statistical
significance of the treatment effects, with the dependent variable being the
rank of the percent FISH abnormal cells in a culture, and experimental condi-
tions as independent variables.

Results

Extension of lifespan in Barrett's cell strains by expression of
hTERT

Four Barrett's esophagus cell strains were retrovirally trans-
duced with hTERT or the empty vector (LXSN) (4). As a
control, we attempted to transduce normal esophageal squa-
mous cells but were unable to select any transformants that
lived longer than the parental cells (data not shown). This was
consistent with the observation that immortalization of certain
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epithelial cell types requires the inactivation of the p16/Rb
pathway (4). We were, however, able to generate hTERT
transduced normal human diploid fibroblasts that retained
active proliferation at PDLs 4100, well in excess of parental
fibroblasts (maximum PDL 70).

All hTERT� cultures showed measurable telomerase activ-
ity by the TRAP, whereas none of the parental Barrett's cell
strains showed activity prior to transduction (data not shown).
To show that telomerase activity correlated with longer telo-
meres, TRF (terminal restriction fragment) lengths of parental
and hTERT� cells were measured (23). The TRF of parental
cells were 5±6 kb, as compared with ~12 kb for hTERT� cells
(data not shown). TRF provides a conservative estimate
of telomere length, as it reflects some subtelomeric
sequences as well; FISH with PNA telomere probes showed
that the telomere signals in parental cells were at least four to
five times dimmer than those in the hTERT� transductants
(Figure 1).

The Barrett's cell strains have a finite proliferative lifespan,
rarely proliferating beyond 30 PDLs (1). No clones from
LXSN transduced (LXSN�) cultures were able to proliferate
beyond 35 PDLs (range 22±35) whereas all individual
hTERT transduced clones have attained at least 69 PDLs
(range 69±99) (Table I). Under mass culture conditions,
LXSN� cultures were unable to be passaged beyond a total
of 30 PDLs (range 13±30) whereas hTERT� mass cultures
have been maintained for at least 66 PDLs (range 66±92)
(Table I). In one case (CP-D), no clones were obtained from
the LXSN� culture, presumably because of the relatively late
passage level of the parental strain at the time of infection
(infected at PDL 13; average PDL at senescence � 17). In
another cell strain, CP-A, infected at late passage (PDL 22;
average PDL at senescence � 22), three clones were picked
but none grew after selection. The morphology of hTERT�
cells was reminiscent of cells at early passage, being smaller
in size with a larger nucleus to cytoplasm ratio and shorter

Fig. 1. Telomere PNA FISH of four Barrett's epithelial cell cultures before (A, C, E and G) and after (B, D, F and H) transduction with hTERT. Cell strains are
CP-D (A and B), CP-C (C and D), CP-B (E and F) and CP-A (G and H). Nuclear fluorescence is shown in blue, telomeres are seen as green dots.
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doubling times than LXSN� cells. This hTERT� cells mor-
phology persisted even at the latest PDL utilized, as did their
more rapid growth rate.

Growth factor requirements of hTERT expressing Barrett's
cells

Although the parental Barrett's cell strains are mortal, the cells
contain genetic changes, including p16 and p53 abnormalities
that occur early in neoplastic transformation in vivo (1). These
cells do not, however, have many other features commonly
associated with transformed cell lines, as they retain stringent
growth factor requirements and grow poorly, if at all, in agar.
We sought to determine whether expression of telomerase
induced phenotypic characteristics of malignant transforma-
tion in the Barrett's cell strains.

We compared the fastidiousness of Barrett's esophagus
hTERT� mass cultures with non-transduced parental mass
cultures by growing the cells in media containing reduced
concentrations of FBS, BPE, EGF and ITS. hTERT� and
parental cells showed similar dependency on media growth
factors with only a few exceptions. Reduced FBS concentra-
tions greatly inhibited cell proliferation in all cultures, but only
CP-D showed any difference between parental and hTERT
transduced cells: CP-D hTERT cells had only 14% (P �
0.005) and 47% (P � 0.05) as many cells as the parental strain
when grown in 0 and 10% normal FBS, respectively. However,
hTERT� CP-B and CP-C cells showed 34±61% greater cell
numbers than parental cells when grown in 0 and 10% of
normal concentrations of BPE (P � 0.01±0.001). A 50%
reduction in ITS and EGF reduced cell growth by 32 and
45%, respectively, but whereas CP-D cells showed 64%
greater growth in reduced EGF (P 5 0.001), hTERT� CP-A
and CP-C cells showed 34% (P� 0.008) and 55% (P� 0.001)
less growth in reduced EGF, respectively. Only CP-C hTERT
cells showed altered growth in reduced ITS compared with
parental cells (49% poorer, P � 0.002). Overall, expression of
telomerase did not lead to consistent changes in growth factor
dependency.

Growth of cells in agar

Colony counts and size measurements are shown in Figure 2.
Among the non-transduced Barrett's cell strains, there was a
gradation in the number of colonies observed, with CP-A
showing almost no growth in agar and CP-C forming the
most colonies. The hTERT� cultures all formed 3±6-fold
more colonies than their corresponding parental strains, a
statistically significant difference (two-tailed P � 0.001;
Wilcoxon signed rank test). The size of hTERT� colonies

was larger than those formed by parental cells (Figure 2). In
all cases, both parental or hTERT� Barrett's cell colonies
were fewer and smaller than the positive control ras-trans-
formed DLD-1 colon carcinoma cell line colonies; indeed the
small size of the Barrett's cell colonies suggests that these cells
are not strictly speaking anchorage independent.

Effect of hTERT expression on the genetic stability of
Barrett's esophagus cell strains

In Barrett's esophagus in vivo, aneuploid populations can be
detected late in cancer progression (26), on average, 17 months
after an elevated G2/4N cell fraction (27). Although DNA
aneuploidy is a strong predictor of progression to cancer in
Barrett's esophagus (28), only aneuploid DNA contents above
2.7N are associated with cancer risk (29). Although the cul-
tured Barrett's esophagus cells all have near-diploid DNA
contents with elevated G2/4N fractions (1), we have not
observed previously aneuploid populations arising in the par-
ental cultures. Chromosomal instability may, however, pre-
cede the detection of aneuploidy, as has been shown in
ulcerative colitis and other epithelia (24,30).

The DNA content of parental and hTERT� cells was ana-
lyzed by flow cytometry, with similar ploidy (�6%) found
between hTERT� and corresponding parental cultures (CP-A,
2.64N; CP-B, 2.27N; CP-C, 2.21N; CP-D clones, 2.43N).
However, CP-D hTERT� cells grown in mass culture exhib-
ited a near-tetraploid aneuploid subpopulation (4.56N) that
was not present in the parental culture. The aneuploid popula-
tion persisted at later passages and therefore appeared to
represent a stable population. This is the only example of
in vitro generation of a novel DNA aneuploid population that
we have encountered in Barrett's esophagus cells.

As elevated 4N DNA content fractions in vivo are associated
with centrosome abnormalities (36), and progression to aneu-
ploidy (27) and cancer (28,29) in Barrett's esophagus, we
measured the proportion of 4N (G2/tetraploid) cells in the
parental and hTERT� cultures (Table II). If shortened telo-
meres contributed to the accumulation of cells containing a 4N
DNA content, expression of telomerase might reduce the pro-
portion of cells in this ploidy fraction. All parental Barrett's
cell strains showed a high 4N fraction, ranging from 22.6 to
33.2% of the total cell population, consistent with previous
measurements (1). In three of the four hTERT� mass cultures
the 4N fraction remained elevated at a level similar to that of
the corresponding parental culture. The 4N fraction was
reduced in all of the hTERT� clones when compared with
the corresponding parental cultures. To distinguish between
diploid G2 and tetraploid G1 cells (both have 4N DNA content),

Table I. hTERT� and LXSN� Barrett's cell growth under clonogenic and mass culture conditions

Parental Clones Mass cultures

Strain Max PDL PDL at infection LXSN hTERT LXSN hTERT

No. clones picked Highest PDLb No. clones picked Highest PDLb Highest PDLb Highest PDLb

CP-A 24 22/24a 3 22 16 95 26 78
CP-B 28 14/18 14 30 10 99 ± 92
CP-C 29 17 20 35 17 69 30 66
CP-D 17 13 0 ± 19 92 13 70

aRepresents PDL for clonal and mass culture analysis, respectively.
bHighest PDL achieved at the time of writing; includes PDL at time of infection but clones do not include seven to eight PDL accrued to reach usable clone size.
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we sorted 4N cells from the parental and hTERT� cultures and
used FISH to determine the percentage of tetraploid cells;
hTERT transduced cultures retained similar proportions of
tetraploid cells as the parental strains (Table II). We conclude
that expression of hTERT does not alter the elevated G2/tetra-
ploid phenotype of the BE cell cultures [which is also a
phenotype associated with cancer risk in BE patients
(28,29)], with the exception of clones, in which we speculate
that the reduction of G2/4N cells is due to clonal selection.

Conventional and SKY analyses were performed to identify
the structural and numerical chromosome alterations that
might be present in the parental and hTERT� cultures
(Table III). Neither parental nor high passage hTERT� 82-6
human diploid fibroblasts (PDL 4100) showed any karyoty-
pic abnormalities by SKY or Giemsa band staining, consistent
with a previous report (7). Parental Barrett's cells exhibited
variable degrees of CIN, as evidenced by non-clonal aberrant
karyotypes present within the cultures (Table III). CP-A con-
tained minimal clonal karyotypic aberrations, whereas CP-D
contained numerous clonal and non-clonal structural and
numerical abnormalities (CP-A is the only cell strain derived

from tissue obtained from Barrett's metaplasia rather than high
grade dysplasia, and it is also the only strain that does not
contain 17p loss of heterozygosity or p53 mutation). In gen-
eral, the hTERT� clones contained the same clonal abnormal-
ities as the corresponding non-transduced parental cell strain.
However, hTERT� cells also possessed additional clonal and
non-clonal abnormalities not present in the parental cultures.
Because clones start, by definition, with a single karyotype, in
these cells the non-clonal chromosome aberrations are unam-
biguous evidence of ongoing genetic instability as cells des-
cend from their progenitor.

Interphase FISH permits examination of larger cell numbers
than can be karyotyped; in addition, interphase analysis is
useful because some cells with aberrant chromosomes may
not be able to enter mitosis, and karyotypic analysis may
therefore underestimate the frequency of CIN (32). Centro-
meric FISH probes to chromosomes 3, 7, 8 and 18 were used to
evaluate chromosome copy number in parental and hTERT�
cells (Figure 3), preceded by flow sorting to exclude tetraploid
cells. The average variation in chromosome copy number
(percent of cells with non-modal FISH spot counts) in the

Fig. 2. Anchorage independent growth of parental and hTERT transduced Barrett's cell strains. The number of colonies per well for each strain is shown with error
bars representing the standard error of the mean for triplicate wells. The average diameter of colonies for each strain is shown within the brackets. The DLD-1
colon carcinoma cell line served as an anchorage independent positive control.

Table II. 4N (and tetraploid) fractions of non-transduced parental and hTERT transduced Barrett's cellsa

Cell strain Non-transduced
mass culture

hTERT mass
culture

hTERT clone 1 hTERT clone 2

CP-A 33.2% (20.8%) 28.6% 27.5%) 24.6% (25.0%) 32.3% (20.3%)
CP-B 23% (11.5%) 10.8% (2.8%) 13.1% (12%) 8.7% (5.3%)
CP-C 22.6% (24.3%) 27.3% (21.3%) 13.5% (29.5%) 13.5% (12.0%)
CP-D 30.5% (29.0%) 28.5% (15.8%) 24.9% (52.8%) 17.5% (8.8%)

a4N populations were assessed by flow cytometry. The percentage of the 4N population that was tetraploid was determined by FISH analysis of sorted 4N cells, and
is shown in parentheses. The PDL of parental cultures were from 13 to 22 and hTERT� cultures were from 54 to 83.
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parental and hTERT fibroblast cultures was 1.1 and 1.5%,
respectively (probably the background due to variability in
probe hybridization and spot identification) in contrast to 7.8
to 19% non-modal cells in the Barrett's parental mass cultures.
Although variable, the hTERT� cultures had, on average, a
significantly lower number of cells with non-modal FISH
counts than non-hTERT� cultures (mean percentage non-
modal cells of 7.8% for hTERT� versus 14.5% in non-
hTERT, P � 0.002), suggesting that telomerase expression in
the Barrett's esophagus cultures reduced the amount of CIN as
assayed by FISH. Mass cultures had marginally significantly
higher numbers of non-modal cells than clonally derived
cultures (mean 9.3 versus 11.6%, respectively, P � 0.059).
Although chromosomes 3 and 18 had overall higher percen-
tages of non-modal cells than chromosomes 7 and 8
(P � 0.0072), ANOVA showed that the telomerase effect on
chromosome instability was chromosome non-specific. Using
ANOVA analysis, CIN in mass and clonally derived cultures
was directly compared; telomerase reduced the FISH instabil-
ity in both mass (7.4 versus 14.3%, P � 0.036) and clonally
derived cultures (8.6 versus 14.7%, P � 0.0096).

Conclusions

Replicative senescence has been proposed to be a mechanism
that protects against the evolution of cancer. Limiting the
number of population doublings a cell is capable of greatly
reduces the probability that the combination of genetic
changes needed to form a tumor will occur. The Barrett's eso-
phagus cells cultured in vitro had short telomeres, and trans-
duction with hTERT led to substantial telomere lengthening.

Analysis of chromosomal copy number by FISH demonstrated
that chromosomal variability could be reduced by telomere
lengthening; however, both karyotypic and FISH analyses
indicated that continued genetic evolution of the hTERT�
cells occurred during passaging in vitro. This suggests that
CIN is a multifactorial process, in which short telomeres are
only one part. The absence of p53 function and abnormally
increased numbers of centrosomes are (31) likely to be other
such factors.

The new aneuploid population that arose in one hTERT�
mass culture was presumably a consequence of continuing
chromosome instability during the extended lifespan of these
cells. This hTERT� culture represents the only new aneuploid
population that we have observed to arise during culture of
Barrett's esophagus epithelium. It appears that this observation
may parallel neoplastic evolution in vivo, in which aneuploidy
follows increased 4N fractions by an average of 17 months
(27), and usually precedes the development of esophageal
adenocarcinoma (26), which is known to express high levels
of hTERT (16,17).

Expression of telomerase in Barrett's esophagus cells did
not appear to give rise to appreciably altered growth factor
requirements. However, hTERT transduction enhanced the
colony forming efficiency of cells on agar. This is in contrast
to the behavior of normal human diploid fibroblasts. The
only other report where anchorage independent growth was
observed following hTERT transduction was in human
embryonic kidney cells and fibroblasts co-expressing SVLT
and H-ras (11). We cannot determine whether expression of
telomerase per se directly caused a change in the ability of
the Barrett's epithelial cells to grow in agar. Alternatively,
this phenotype may have been acquired during culture after

Table III. Karyotypes of parental and hTERT� cellsa

Cell culture PDL Karyotype (ICSN diagnoses)

82-6 mass culture 38 46, XY [10]
82-6 mass culture (hTERT�) 89 46, XY [10]
CP-A mass culture 20 47±53, XY, �4, �5, �9, �20, �0±3 mar [cp15]
CP-A clone #7 (hTERT�) 82 46±48, XY,i(8)(q10), �20 [cp10]
CP-A clone #19 (hTERT�) 70 47±48, XY, �der(1)t(1;6)(q10;?), �20 [8]
CP-B mass culture 15 43±45, XY,der(6)t(6;9;12) )(12pter! 12p?11.2

::6p?11.2! 6q?13::9?! 9?),der(9)t(9;14)(q10;q10),±12, der(14)t(6;14)(p12;q?11.2),
der(17)t(1;17)(?p31;q10), del(21)(q22)[cp10]

CP-B clone #1 (hTERT�) 99 44±46, XY, ÿ4,der(6)t(6;9;12)(12pter! 12p?11.2
::6p?11.2! 6q?13::9?! 9?),der(9)t(9;14)(q10;q10),±12,der(14)t(6;14)(p12;q?11.2),
der(17)t(1;17)(?p31;q10),del(21)(q22),� mar [cp15]

CP-B clone #8 (hTERT�) 91 44±46, XY,der(6)t(6;9;12) )(12pter! 12p?11.2 ::6p?11.2! 6q?13::9?! 9?),
der(9)t(9;14)(q10;q10),±12,der(14)t(6;14)(p12;q?11.2),der(17)t(1;17) (?p31;q10),�18,
del(21)(q22)[cp7]

CP-C mass culture 21 43±46,XY,der(9)t(9;17)(p10;q10), der(10)t(10;17)(p10;q10), 17, ÿ21,�r,�1±2 mar[cp10]
CP-C clone #2 (hTERT�) 56 43±47,XY,der(9)t(9;17)(p10;q10),±17,±21,�r,�1±2 mar[cp8]
CP-C clone #11 (hTERT�) 64 42±45,XY,±4,±9,±14,der(9)t(9;17)(p10;q10),±17,±21[cp11]
CP-D mass culture 14 39±40,X,-Y,der(1)t(1;22)(p?35;q?12),der(17)t(17;20)(p10;?),±14,±21,±21±22,multiple non-

clonal structural (frequently complex) abnormalities, numerical abnormalities and telomeric
associations [cp14]

CP-D clone #10 (hTERT�) 86 43±45,XY,der(1)t(1;22)(p?35;q?13),del(2)(q10), der(10)t(10;15)(q10;q10),
±15,der(17)t(17;20)(p10;?),idic(22)(q13) [cp11]

CP-D clone #12 (hTERT�) 52 44±46,XY,der(1)t(1;22)(p?35;q?12),der(3)t(3;10)(q?11;p?26),dup(6) (q?),
±10,der(14;15)(q10;q10),der(17)t(17;20)(p?11;?),±19, der(21)t(3;21)(q?12;p12),
idic(22)(q13) [cp10]

aThe karyotype diagnoses represent the contribution of both G-band and SKY analyses. A `?' indicates a complex chromosomal rearrangement, for which exact
breakpoints could not be assigned. Numbers within the brackets represent the number of cells containing the listed karyotype. If the karyotype is the composite from
a number cells, this is indicated in brackets by the number of cells prefixed with cp. The clonal aberrations that are not present in the parental culture but are found in
the corresponding hTERT� culture are highlighted in bold type.
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transduction with hTERT, as the clones tested had undergone
at least 40 population doublings after transduction, thus allow-
ing for the possible evolution of cells with reduced anchorage
dependency for growth.

Our work suggests that an important effect of activation of
telomerase in neoplastic progression is lifespan extension of
cells that are already genetically unstable, thus allowing
further cell division and continued genetic evolution towards
a malignant phenotype. While stabilization of telomere length
may be necessary for progression to cancer (18), neoplastic
evolution will not occur without genetic instability, as evi-
denced by the absence of cancer-associated changes in normal
`immortalized' human cells expressing telomerase (2,3,6,7).
Our data suggest that although expression of telomerase can
reduce the amount of genetic instability present in pre-
malignant cells, chromosomal instability can persist at levels
that allow continued genetic and karyotypic evolution. The
ability to observe this evolution in vitro may provide a useful
model of neoplastic progression in Barrett's esophagus. The
extended lifespan of these cells, and their close similarities to
the primary cells from which they are derived, should make

them a useful model for the study of pre-cancerous Barrett's
esophagus epithelium and for pre-clinical investigations of
chemopreventive agents.
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