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Abstract

Chromosome instability plays an important role in
cancer by promoting the alterations in the genome
required for tumor cell progression. The loss of
telomeres that protect the ends of chromosomes and
prevent chromosome fusion has been proposed as one
mechanism for chromosome instability in cancer cells,
however, there is little direct evidence to support this
hypothesis. To investigate the relationship between
spontaneous telomere loss and chromosome instability
in human cancer cells, clones of the EJ-30 tumor cell
line were isolated in which a herpes simplex virus
thymidine kinase (HSV-tk) gene was integrated im-
mediately adjacent to a telomere. Selection for HSV -tk -
deficient cells with ganciclovir demonstrated a high rate
of loss of the end these “marked”’ chromosomes (10~ *
events/cell per generation). DNA sequence and cyto-
genetic analysis suggests that the loss of function of the
HSV-tk gene most often involves telomere loss, sister
chromatid fusion, and prolonged periods of chromo-
some instability. In some HSV-tk-deficient cells, telo-
meric repeat sequences were added on to the end of the
truncated HSV-tk gene at a new location, whereas in
others, no telomere was detected on the end of the
marked chromosome. These results suggest that spon-
taneous telomere loss is a mechanism for chromosome
instability in human cancer cells. Neoplasia (2000) 2,
540-554.
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Introduction

Telomeres are DNA—protein complexes containing short
DNA repeat sequences that are added on to the ends of
chromosomes by the enzyme telomerase [1]. Telomeres
serve multiple functions, including preventing chromosome
fusion [2—4] and facilitating chromosome segregation [5,6].
In mammals, telomeres are maintained in the germ line but
shorten with age in most somatic cells that do not express
sufficient telomerase activity [3]. Telomere shortening has
been proposed to be a signal for cell senescence [7],
consistent with the extension in the life-span of primary
human fibroblasts transfected with the gene for the catalytic

subunit of telomerase [8]. Primary human cells that bypass
senescence continue to show telomere shortening, and
eventually enter “crisis,” which consists of increased
chromosome fusion, aneuploidy, and death [2]. Thus, it
has been proposed that for cells to become immortal they
must not only avoid senescence but also regain the ability to
maintain telomeres to avoid crisis [2,9]. In support of this
hypothesis, it has been observed that the telomeres of
immortal cell lines do not continue to shorten [2,10], and that
cancer cells and immortal cell lines invariably maintain their
telomeres, either by telomerase [2,9] or through an alter-
native mechanism [11-13].

Although telomere maintenance in cancer cells must be
efficient enough to allow for continuous cell growth, in some
instances telomeres may be lost completely or shortened to
such an extent that they no longer protect the ends of
chromosomes. Evidence that human cancer cells do not
always properly maintain telomeres comes from the observa-
tion that many cancer cell lines have a high rate of “telomere
associations” [3]. Telomere associations are chromosomes
joined at or near their telomeres and have been proposed to
be caused by telomere loss [4]. The complete loss of a
telomere could occur through stochastic events due to high
rates of double-strand breaks in the telomeric repeat
sequences or subtelomeric DNA, or could occur gradually,
due to altered expression or mutations in genes required for
proper telomere maintenance. Consistent with the latter
possibility, a large number of genes that have been found to
be important in maintaining telomere length can also
influence chromosome stability [14—18]. Telomere loss
could play a role in the chromosome instability associated
with tumor cell progression [19,20], because chromosomes
involved in telomere associations have been found to have a
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high rate of rearrangement [21-24]. In fact, telomere loss
was proposed more than 50 years ago to lead to chromo-
some instability through the initiation of breakage/fusion/
bridge cycles [25]. Breakage/fusion/bridge cycles have
been demonstrated to be involved in gene amplification in
hamster cells [26—-28], and have been demonstrated to be
an important mechanism for chromosome instability in
human cancer [29].

The extent of chromosome instability in cancer cells could
also be influenced by their ability to perform chromosome
healing, which involves the addition of telomeres to the ends
of broken chromosomes. Chromosome healing has been
proposed to play an important role in the cellular response to
telomere loss through its ability to terminate breakage/
fusion/bridge cycles [25]. Chromosome healing has been
demonstrated to occur at sites with little or no complemen-
tarity to telomeric repeat sequences in a variety of different
organisms [30,31], including yeast [30,31] and mouse
embryonic stem (ES) cells [32]. Chromosome healing in
yeast occurs primarily at sites distal to regions with more
extensive homology to telomeric repeat sequences [33,34];
although chromosome healing can occur at virtually any
location in strains with mutations in the Pif1p helicase [35].
Evidence for chromosome healing in humans comes from
the analysis of terminal deletions associated with genetic
disease [36,37]. In these studies, new telomeres were
found to be added directly on to the ends of broken
chromosomes at sites that usually contained 3 to 4 bp of
complementarity to telomeric repeat sequences, although
one site had no complementarity. Consistent with these
studies, in vitro studies with extracts made from human cells
demonstrated minimal sequence requirements for the de
novo addition of telomeric repeat sequences to oligonucleo-
tides with ends similar to one of the sites of chromosome
healing on a human chromosome [38].

To investigate the rate and consequences of spontaneous
telomere loss in human cancer cells, and to test the
hypothesis that spontaneous telomere loss is a mechanism
for chromosome instability in human cancer cells, we have
established clones of a human tumor cell line that has a
plasmid containing a selectable marker gene integrated
immediately adjacent to a telomere. Subclones of these cell
lines that had spontaneously lost the selectable marker gene
were characterized by Southern blot analysis, nucleotide
sequence analysis of the rescued plasmid sequences, and
cytogenetic analysis using chromosome, plasmid, and
telomere-specific probes to determine the nature of the
events involved.

Materials and Methods

Cell Culture

The EJ-30 cell line (obtained from Dr. William Dewey,
UCSF) was subcloned from the EJ bladder cell carcinoma
cell line, which is also named MGH-U1 [39]. EJ-30 was
grown in alpha-MEM (UCSF cell culture facility) supple-
mented with 5% fetal calf serum (Gibco), 5% newborn calf
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serum with iron (Gibco), 1 mM L-glutamine (Gibco), and
gentimycin. Cells were propagated at 37°C in humidified
incubators. The pNCT -tel plasmid was introduced into the
cells by calcium phosphate-mediated transfection as pre-
viously described [40]. Clones containing the integrated
pNCT -tel plasmid were selected with 400 p.g/ml G418.

Plasmids

The plasmid used in our studies, pNCT -tel was derived
from the pSXneo-1.6T,AG3 plasmid previously shown to
form new telomeres on integration in human cells [41].
pNCT -tel contains an ampicillin-resistance gene for selec-
tion in bacteria, a neo gene for selection in mammalian cells
using G418, a herpes simplex virus thymidine kinase (HSV -
tk) gene, and 0.8 kb of telomeric repeat sequences. After
linearization with the Notl restriction enzyme, the telomeric
repeat sequences are oriented such that they can “seed” the
formation of new telomeres on integration. The HSV -tk gene
is immediately adjacent to the telomere and is under the
control of the cytomegalovirus (CMV) transcriptional pro-
moter derived from the pC1 expression vector (Promega).
Selection for loss of the HSV -tk gene in medium containing
ganciclovir [42,43] is used to identify cells that have lost the
end of the chromosome. Selection for HSV -tk-deficient
(HSV-tk ) cells was performed in medium containing 50
1M gancilovir, whereas selection for HSV-tk ~ cells that still
contained the neo gene (neo*/HSV-tk ~ ) was performed in
medium containing both 50 uM ganciclovir and 400 ng/ml
G418.

Fluctuation Analysis

The rate of formation of HSV-tk ™ cells was determined
from the frequency of ganciclovir-resistant colonies in
different subpopulations of the EJ-30 clones. The rate of
formation of neo*/HSV-tk ™ cells was determined from the
frequency of colonies resistant to both ganciclovir and G418
in these same subpopulations. Briefly, the cell lines were first
plated at 50 cells per well in a 24-well tissue culture dish.
After 7 days, the cells were resuspended and replated in six-
well tissue culture dishes. On reaching near confluence, the
cells were trypsinized, counted, and replated either at 2 or
3x10° cells/100 mm tissue culture dish (found to be below
the cell density required for a bystander effect with
ganciclovir) in duplicate in medium containing ganciclovir
(50 pM) and in medium containing both ganciclovir (50 uM)
and G418 (400 pg/ml). The cells were incubated, with
changes every 5 days, for a period of 2 to 3 weeks. The cells
were then fixed with methanol/acetic acid and the colonies
were counted. The rate of appearance of HSV-tk ™~ orneo™/
HSV -tk cells was calculated using the average number of
resistant cells in 12 different subpopulations [44]. The
equation used was r=aN; In(CaN,), where a is the rate of
appearance of HSV-tk™ or neo*/HSV-tk~ cells, r repre-
sents the average number of colonies formed per subpopu-
lation, N is the total number of cells in the population at the
time of plating, and Cis the number of subpopulations [44].
The average number of colonies formed per subpopulation
was determined from the average number of colonies per
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plate corrected for the final number of cells (average number
per plate xtotal number of cells/number of cells plated) . The
expected values for the ratio of the standard deviation over
the average number of spontaneous events were calculated
as previously described [44] using the equation: /C/
In(N;Ca). The values (r, N;) obtained for each subpopula-
tion with ganciclovir alone were: A3 (231, 6.8x10°), B3
(250, 7.7x10%), B1-2 (3.7, 5.5x10°%), E1 (6.4, 9.5x10°),
and F1 (0.8, 6.9x10°). The values obtained with ganciclovir
and G418 together were A3 (0.6, 6.8x10°), B3 (1.6,
1.65x10%), B1-2 (0, 5.5x10°%), E1 (0, 9.5x10°8), and F1
(0.3, 6.9x10°).

Southern Blot Analysis

Genomic DNA purified as previously described [45] was
digested with restriction enzymes according to the manufac-
turer’s instructions. For analysis of terminal fragments, the
DNA was digested with BAL31 following the manufacturer’s
recommendations (Promega), extracted with phenol/
chloroform, precipitated, resuspended, and digested with
BamHI. Genomic DNA was fractionated by agarose gel
electrophoresis using standard protocols, depurinated by
treatment with 0.25 M HCI for 30 minutes and transferred in
0.5 M NaOH onto a charged nylon Hybond-N+ membrane
(Amersham) using a vacuum transfer apparatus (Pharma-
cia) . Prehybridization for 3 hours and hybridization overnight
were performed at 65°C in 5x SSPE, 5xDenhardt’s solution,
0.5% sodium dodecyl sulfate (SDS), and 0.25 mg/ml
salmon sperm DNA. Probes were labeled with [¢*2P]dCTP
(New England Nuclear) using a High Prime labeling kit
(Boehringer-Mannheim). Filters were washed three times in
2xSSPE with 0.1% SDS at room temperature, twice in
1xSSPE with 0.1% SDS at 65°C, and twice in 0.1xSSC with
0.1% SDS at 65°C.

DNA Analysis

Plasmid rescue was performed by first digesting the DNA
with the appropriate restriction enzyme. The DNA was then
diluted to 1 ug/ml in ligase buffer (20 mM Tris 7.5, 10 mM
MgCl,, 1 mM dithiothreitol, 1 mM ATP) containing 20 U/ml
ligase (Life Technologies) and incubated overnight at 16°C.
The ligation reaction was then terminated by heating at 65°C
for 10 minutes and the DNA concentrated by centrifugation
using Ultrafree - MC 30,000 NMWL filtration units (Millipore).
The DNA was then electroporated (2.5 kV, 200 2, 25 uf)
using 0.2-cm cuvettes (BioRad) into electrocompetent
bacteria: DH12s (Life Technologies) for DNA rescued from
clone B3 and subclone G63, and SURE (Stratagene) for
subclone G55.

Polymerase chain reaction (PCR) was performed by
using one primer complementary to the HSV-tk gene,
TACCTTATGGGCAGCATG for subclone G6 and AAATG-
CCCACGCTACTGC for subclone G8, and one primer
complementary to the telomeric repeat sequences, AACCC-
TAACCCTAACCCT or CCTAACCCTAACCCTAAC. PCR
was performed by an initial incubation of 2 minutes at 95°C,
followed by 40 cycles of 95°C for 30 seconds, 62°C for
30 seconds, and 72°C for 30 seconds, followed by one

cycle of 95°C for 30 seconds, 62°C for 30 seconds,
and 72°C for 2 minutes. PCR was performed with Taq
polymerase (Perkin-Elmer) as previously described [46].
PCR products were excised from agarose gels and cloned
into the pCRII cloning vector (Invitrogen) using protocols
provided by the manufacturer. DNA sequence analysis of
the cloned PCR fragments using universal primers in the
pCRII vector was performed by the Biomolecular Resources
Center, UCSF.

Fluorescence In Situ Hybridization

Preparation of metaphase chromosomes, staining with
Giemsa for analysis of dicentric and ring chromosomes, and
in situ hybridization of the integrated plasmid sequences
were performed as previously described [47,48]. Telomere
analysis was performed as previously described [49] using
telomere - specific protein nucleic acid (PNA) probes labeled
with Cy3 (Perseptive Biosystems).

Results

Establishment of Cell Clones with a Selectable Marker Gene
Adjacent to a Telomere

Linearized plasmids containing telomeric repeat se-
quences on one end commonly form new telomeres when
integrated on to the ends of truncated chromosomes in
mammalian cells [41,50—-52]. After introduction into the cell,
these marked telomeres are elongated and maintained
similarly to other telomeres [53]. This approach was used
to establish clones of the EJ-30 human bladder cell
carcinoma cell line that have selectable marker genes
integrated immediately adjacent to a telomere. EJ-30 has
arelatively normal karyotype (46 chromosomes), is deficient
in p53 [54,55], and is telomerase positive (data not shown).
The analysis of 50 metaphase spreads in EJ-30 demon-
strated that 4% of the cells had chromosome fusions, i.e.,
dicentric or ring chromosomes (data not shown). Thus, EJ-
30 has relatively few chromosome fusions for a human tumor
cell line, since human tumor cell lines can have chromosome
fusions in as many as 90% of the cells in the population [3].

Transfection of EJ-30 with the linearized pNCT -tel
plasmid (Figure 1A) resulted in the isolation of 72 G418-
resistant subclones. Of these, 20 were found to be sensitive
to ganciclovir and therefore contained the functional HSV -tk
gene. Southern blot analysis, using the pNCT-A plasmid
(the pNCT -tel plasmid without telomeric repeat sequences)
as a probe identified five subclones with a single copy of the
plasmid integrated at a telomere (data not shown). Cell
clones with telomeric integration sites are evident from the
presence of terminal restriction fragments that are hetero-
geneous in length because of variability in the length of the
telomeric repeat sequences in different cells in the popula-
tion [41,50,51,53]. The mapping of the integration site with
various restriction enzymes in two of these clones, A3 and
B3 (Figure 1B), indicated that the plasmid was integrated
without rearrangement on the end of a chromosome. With
Pvul, BamHI or Xbal, which cut once in the plasmid, there is
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Figure 1. The characterization of pNCT - tel plasmid sequences integrated in
the EJ-30 clones A3 and B3. (A) The structure of a telomere created by the
integration of a single copy of the linearized pNCT - tel plasmid on the end of a
chromosome. The location of the restriction sites BamHI (Bm), Bglll (Bg),
Clal (Cl), Nrul (N) Pvul (Pv), Sacl (Sa), Sspl (Sp), Xbal (Xb), and Xhol
(Xh) in the plasmid are shown. (B) Southern blot analysis of genomic DNA
from clones A3 and B3 digested with Pvul, BamHI, or Xbal, which cut once
within the plasmid, or Bglll, which cuts at either end of the HSV -tk gene.
Hybridization was performed with the pNCT-A plasmid probe that does not
contain telomeric repeat sequences. (C) Digestion of genomic DNA from A3
and B3 with BAL31 exonuclease to identify terminal restriction fragments. After
digestion of genomic DNA with BAL31, the DNA was digested with BamHI and
Southern blot analysis was performed with the pNCT - A plasmid as a probe.
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one diffuse band and one discrete band that varies in length
in the different clones. The length of the diffuse band is
dependent on the length of the telomeric repeat sequences
on the end of the chromosome, whereas the length of the
discrete band is dependent on the location of the nearest
restriction site within the genomic DNA. In both A3 and B3,
the diffuse bands are progressively shorter as the plasmid
sequences are cut closer to the telomere, so that the Pvul
bands are longer than the BamHI bands, which are longer
than the Xbal bands. Subtracting the length of the
subtelomeric plasmid sequences (e.g., 3 kb with Xbal) from
the mean length of the diffuse bands demonstrates that the
mean length of the telomeric repeat sequences is approxi-
mately 5.0 kb in A3 and 3.0 kb in B3. Digestion with Bglll,
which cuts twice in the plasmid, once between the neo and
HSV -tk genes and once between the HSV -tk gene and the
telomeric repeat sequences, showed that both A3 and B3
contained the intact 3-kb fragment containing the HSV -tk
gene.

The telomeric integration sites in A3 and B3 were
confirmed by digestion with BAL31 exonuclease. BAL31 is
commonly used to identify telomeric sequences [50,56],
because the ends of chromosomes are sensitive to digestion
with exonuclease. Genomic DNAs from clones A3 and B3
were treated with BAL31 for various lengths of time before
digestion with BamHI (Figure 1C). As expected, the diffuse
bands that contain the telomeric repeat sequences are
selectively reduced in size following treatment with BAL31 in
both A3 and B3, and eventually reach sizes smaller than the
5.0- and 4.7-kb restriction fragments that represent the
internal portion of the plasmid in A3 and B3, respectively.
The accumulation of fragments of approximately 4 kb after
60 minutes indicates a slower rate of digestion of the
subtelomeric plasmid sequences (4 kb with BamHI) relative
to the telomeric repeat sequences, which has been
previously reported [32,57]. This hypersensitivity of telo-
meric repeat sequences to BAL31 exonuclease is consistent
with an altered secondary structure, as previously proposed
from the sensitivity of telomeric repeat sequences to S1
endonuclease [58].

Analysis of HSV-tk~— Subclones

Selection in medium containing 50 pM ganciclovir
demonstrated that HSV-tk~ cells were present at a
frequency of approximately 102 in all five of the EJ-30
clones. Presumably, the loss of function of the HSV -tk gene
in these cells results from spontaneous events and not
selection in ganciclovir, because cells require several days to
become resistant to ganciclovir following the loss of the
HSV -tk gene [42,43]. Fluctuation analysis was performed
to determine the rate of appearance of HSV-tk ~ cells and to
confirm whether the loss of function of the HSV-tk gene
occurred spontaneously or as a result of treatment with
ganciclovir. In fluctuation analysis, subpopulations consist-
ing of a small number of cells are passaged in culture and
scored for the number of HSV-tk ~ cells after having grown
to a large cell population. Fluctuation analysis demonstrated
that the loss of function of the HSV -tk gene is a spontaneous
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Table 1. Fluctuation Analysis of the Appearance of HSV -tk™ Cells in the EJ -
30 Clones A3 and B3.

Clone
B3 B3 A3 A3
Experiment no. 1 2 1 2
No. cells/plate 3x10° 2x10° 3x10° 2x10°
No. colonies/plate 110 177 217 353
198 166 230 129
451 283 243 391
136 220 174 131
244 207 107 138
144 260 198 286
194 239 174 305
141 236 174 134
256 476 280 208
333 208 187 281
171 242 282 163
433 286 230 235
Avg no. colonies 234 250 208 231
Avg no. cells 2.0x10° 7.7x10° 1.7x10° 6.8x10°
No. colonies/cult 1568 9575 1040 7854
Frequency 7.8x107%  12x107%® 6.1x10°* 1.2x10°3
Rate 1.0x10°%  1.3x10°* 1.0x10°% 1.3x10°*
Observed SD/avg 0.44 0.37 0.45 0.37
Expected SD/avg 0.49 0.32 0.24 0.40

event (Table 1). First, consistent with the loss of the HSV -tk
gene in the different subpopulations at any time during
passaging, the ratio of the standard deviation to the average
number of HSV-tk ™ cells in the different subpopulations of
A3 (0.45 and 0.37) and B3 (0.44 and 0.37) is much larger
than the ratio observed in multiple platings of the same
population (0.08 with 24 plates of clone B3). Second, it was
observed that HSV-tk ™~ cells accumulate in the population
with increased passage (compare the frequency of HSV -
tk ™ cells in experiments 1 and 2, Table 1), as expected for
spontaneous events. Finally, the ratio of the standard
deviation to the average number of HSV-tk ™ cells in the
different subpopulations is close to that expected for
spontaneous events (Table 1, Materials and Methods
section).

Based on fluctuation analysis, both the A3 and B3 clones
generated HSV-tk~ cells at a rate of approximately 10~*
events/cell per generation (Tables 1 and 2). This rate is
approximately 100-fold higher than in clones with interstitial
integration sites (Table 2). Thus, the relatively high rate of
generation of HSV-tk~ cells in clones with telomeric
integration sites is not due to a general instability of
integrated plasmid sequences or a high rate of chromosome
loss in EJ-30. Fluctuation analysis also demonstrated that
most of the HSV -tk cells had lost their resistance to G418.
The rate of generation of neo™/HSV-tk~ cells, as deter-
mined by selection with both G418 (400 pg/ml) and
ganciclovir (50 pM), was approximately 100-fold lower
than the rate of generation of HSV-tk~ cells selected in

ganciclovir alone (Table 2). This result was consistent with
Southern blot analysis, which demonstrated that most of the
HSV-tk~ subclones selected in ganciclovir alone showed
no hybridization with the pNCT-A plasmid probe and
therefore had lost the entire plasmid (data not shown). In
view of the much lower rate of generation of HSV-tk ™~ cells
in clones with interstitial integration sites (Table 2), the high
rate of loss of the telomeric plasmid would appear to be due
to deletions on the end of the marked chromosomes.

Further analysis of the types of events involved in the
loss of function of the HSV-tk gene was confined to
subclones that had retained some portion of the plasmid
sequences to insure that a unique sequence tag remained
on the end of the marked chromosome. Southern blot
analysis of BamHI-digested genomic DNA from HSV-tk ™
subclones of A3 and B3 that had retained some portion of
the plasmid sequences showed that most had lost the
diffuse band and gained a discrete band that varied in size
in the different subclones (Figure 2). Since most of these
subclones retained the band generated from the internal
portion of the plasmid, the most common event associated
with the loss of function of the HSV-tk gene appeared to
involve telomere loss and the joining of nontelomeric DNA
on to the end of the truncated chromosome. However, some
of these subclones showed no apparent change in the
integrated plasmid sequences by BamHI digestion, includ-
ing the A3 subclones G1, G6, G8, and G38 (Figure 2A),
and the B3 subclone G53 (Figure 2B). The mean length of
the diffuse band containing the HSV -tk gene often differs in
these subclones. However, this variation does not neces-
sarily arise from alterations in the HSV-tk gene, since
subclones of human tumor cell lines often have telomeres
that differ in length but return to the length found in the
parental cell line with increasing time in culture [53].
Therefore, it is not possible to determine solely by Southern
blot analysis after digestion with BamHI| whether the loss of
function of the HSV-tk gene in these subclones involves
silencing, point mutations, internal deletions, or terminal
deletions.

Table 2. The Rate of Production of HSV-tk ~ Cells in EJ-30 Clones with
Telomeric or Interstitial Integration Sites.

Cell Clone HSV-tk ~* neo* /HSV-tk —*
Telomeric

A3 1.3x10°* 1.6x10°°

B3 1.3x10~* 6.9%x10~7
Interstitial

B1-2 3.4x10°° <1077

E1 51x10~7 <1077

F1 9.2x10 7 41x10°7

*The rate of production of HSV -tk = or neo* /HSV -tk ~ cells was determined
from the frequency of colonies resistant to ganciclovir or G418 and
ganciclovir, respectively (see Materials and Methods section).

iClones used for analysis of interstitial integration sites lacked diffuse bands
but had an intact HSV -tk gene, as demonstrated by Southern blot analysis
and sensitivity to ganciclovir.
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Figure 2. Southern blot analysis of the integrated plasmid sequences in HSV -
tk~— subclones of A3 and B3 that retained some portion of the plasmid
sequences. (A) Genomic DNA from A3 and 11 of its HSV-tk~ subclones
(G1-G39), and (B) genomic DNA from B3 and 12 of its HSV-tk~
subclones (G41-G74) was digested with BamHI, which cuts once in the
plasmid, and hybridization was performed with the pNCT-A probe. The
absence of the diffuse band indicates the loss of the telomere, whereas the
appearance of a new discrete band indicates the presence of nontelomeric
DNA fused on to the end of the chromosome.
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Figure 3. Further analysis of HSV -tk subclones that showed no detectable
change in the plasmid sequences by Southern blot analysis of genomic DNA
digested with BamHI. Genomic DNAs from A3 and four of its HSV-tk~
subclones, G1, G6, G8, and G38, that showed no change with BamHI, were
digested with (A) BamHI| and Clal or (B) Bglll, and hybridization was
performed with the pNCT - A probe. The presence of diffuse bands indicates
that although the plasmid is still telomeric, the Bglll and Clal sites between the
HSV -tk gene and the telomeric repeat sequences are no longer present.

Analysis of neo* /HSV-tk— Subclones with No Apparent
Change in the Plasmid Sequences

The status of the HSV-tk gene in the 10 HSV-tk™
subclones with no apparent change in the integrated plasmid
sequences by Southern blot analysis of BamHI-digested
DNA was further investigated by digestion with the Clal and
Bgll restriction enzymes (Figure 3). Clal cuts the plasmid
once immediately adjacent to the telomeric repeat se-
quences, and therefore together with BamHI should gen-
erate a 4.5-kb band if the integrated plasmid sequences are
intact (see Figure 1A). Bglll cuts twice in the plasmid, once
between the HSV -tk and neo genes and once between the
HSV-tk gene and the telomeric repeat sequences, and
generates a 3.0-kb band containing the HSV-tk gene
(Figure 1A). Of the 10 HSV-tk~ subclones that showed
no change with BamHl, five, including G6 and G8 derived
from A3 (Figure 3), and T4, T12, and T21 derived from B3
(data not shown), showed diffuse bands in both the BamHI/
Clal and Bglll digests and therefore had lost the Clal and
Bgll sites between the HSV-tk gene and the telomeric
repeat sequences (Table 3). These five subclones therefore
have lost the end of the HSV -tk gene and have had telomeric
repeat sequences added on to the end of the truncated
HSV-tk gene at a new location. In two of the HSV-tk™
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Table 3. The Number and Types of Events Seen in HSV-tk ™ Subclones of A3
and B3 that Retained Some Portion of the Plasmid Sequences.

Type of Event No. Subclones

Telomere loss/fusion* 34
Terminal deletions' 5
Internal deletions? 2
No apparent change® 3

*Subclones with nontelomeric DNA joined to the end of the truncated HSV-tk
gene.

'Subclones with telomeric repeat sequences added on to the end of the
truncated HSV-tk gene.

*Subclones with deletions in the HSV-tk gene as detectable by Southern blot
analysis.

5Subclones with no apparent change in the HSV-tk gene by Southern blot
analysis.

subclones that showed no change with BamHI, including G1
derived from A3 (Figure 3) and T1 derived from B3 (data
not shown), both the BamHI/Clal and Bglll bands were
smaller than in the parental cell line (Table 3), demonstrat-
ing internal deletions within the HSV-tk gene. Three other
HSV-tk ™~ subclones that showed no change with BamHl,
including G38 derived from A3 (Figure 3), and T14 and T26
derived from B3 (data not shown), were found to have no
detectable change in the size of the fragment containing the
HSV -tk gene using either BamHI/Clal or Bgll (Table 3),
and therefore appear to have undergone silencing or point
mutations in the HSV -tk gene.

Three of the HSV-tk~ subclones, G6 and G8 (Figure
3), and T4 (data not shown), that had telomeric repeat
sequences added on to the end of the truncated HSV-tk
gene were further analyzed by polymerase chain reaction
(PCR) and nucleotide sequence analysis. The junctions
between the plasmid and the telomeric repeat sequences
were amplified using one primer complementary to various
locations within the plasmid and another primer comple-
mentary to the telomeric repeat sequences (data not
shown). Nucleotide sequence analysis of PCR products
that were specific to these subclones demonstrated that
the telomeric repeat sequences were added directly on to
the end of the truncated chromosome (Figure 4A). In
subclone G6, 1 bp of complementarity was found at the
site of addition of the telomeric repeat sequences, whereas
in subclones G8 and T4 there were 4 and 2 bp,
respectively. In subclone G6, the terminal deletion resulted
in the loss of 0.8 kb of DNA from the end of the HSV -tk
gene, whereas in subclones G8 and T4, 1.2 kb was lost
from the end of the HSV-tk gene (Figure 4B).

Chromosome Fusion and Gene Ampilification in Subclones
with Spontaneous Telomere Loss

Plasmid rescue was performed to determine the origin of
the nontelomeric DNA joined on to the end of the marked
chromosome in two HSV-tk~ subclones, G55 and G71.
Consistent with Southern blot analysis (see Figure 1), the
location of restriction sites in the DNA fragment rescued from
the parental clone B3 indicated that a single copy of the
plasmid was integrated at the telomere (Figure 5). In

contrast, the restriction sites in the DNA fragment rescued
from subclone G55 indicated that it contained an inverted
repeat of plasmid sequences joined at almost identical sites
in the HSV -tk gene (Figure 5). The head-to-head fusion of
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Figure 4. Nucleotide sequence analysis of the sites of addition of telomeric
repeat sequences following the loss of the end of the HSV -tk gene. (A) The
nucleotide sequences at the sites of addition of the telomeric repeat
sequences on to the end of the HSV -tk gene in subclones G6, G8, and T4
are compared with the sequence of the HSV -tk gene (TK) and telomeric
repeat sequence (Tel). Regions of homology (asterisks) and short regions
of complementarity between the plasmid and telomeric repeat sequences at
the site of addition (bold) are indicated. The sequences of the telomere -
specific primers used for PCR are also shown (underlined). (B) The
structure of the integrated plasmid sequences in the parental clone B3
compared with the structure of the plasmid sequences in the G6, G8 and T4
subclones with terminal deletions involving the HSV -tk gene. The location of
restriction sites for BamHI (Bm), Bglll (Bg) and Clal (Cl) are shown.
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Figure 5. Analysis of the DNA fused on to the end of the marked chromosome in the HSV -tk~ subclones G55 and G71. The plasmid sequences rescued from
subclone G55 after a partial Sspl digestion, or subclone G71 after partial BamH| digestion (bold lines ), indicated the presence of an inverted repeat of the plasmid
sequences in both subclones. The location of the restriction sites BamHI (Bm), Bglll (Bg), Clal (CI), Nrul (N) Pvul (Pv), Sacl (Sa), Sspl (Sp), Xbal (Xb), and

Xhol (Xh) are shown.

the plasmid in subclone G55 is consistent with Southern blot
analysis of G55 genomic DNA digested with BamHI (see
Figure 2B), which demonstrated the presence of a new band
of the size expected (6 kb) for the novel junction fragment
found in the rescued DNA. The restriction sites in the DNA
fragment rescued from subclone G71 also indicated the
presence of an inverted repeat of plasmid sequences
(Figure 5). However, in subclone G71 the plasmid
sequences appeared to be fused at sites approximately 1
kb apart, one site occurring in the HSV -tk gene and the other
in the CMV promoter. As in subclone G55, the head-to-head
fusion of the plasmid in subclone G71 is consistent with
Southern blot analysis of G71 genomic DNA digested with
BamHlI (see Figure 2B). A single 4.5-kb band is observed,
which would be expected since the novel junction fragment is
the same size (4.5 kb) as the fragment containing the
internal portion of the plasmid. The head-to-head orienta-
tion of the plasmid sequences in these subclones could have
originated by fusion of sister chromatids following the loss of
the telomere, as previously proposed by McClintock [25].
To confirm the presence of an inverted repeat within the
plasmid DNA rescued from clones G55 and G71, nucleotide
sequence analysis was performed on the fragments pre-
dicted to contain the junctions between the plasmid
sequences. The 220-bp Nrul fragment predicted to contain-
ing the junction between the inverted plasmid sequences in
subclone G55 (see Figure 5) had the identical HSV-tk
sequence at both ends in opposite orientations (data not
shown). These results confirmed the presence of an
inverted repeat resulting from a head-to-head fusion of the
plasmid at nearly identical sites in the HSV-tk gene.
However, the exact site of fusion could not be determined,
because 70 to 80 bp in the center of the fragment could not
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be sequenced from either direction, apparently due to the
presence of the inverted repeat. Nucleotide sequence
analysis of the site of fusion of the plasmid sequences in
subclone G71 also confirmed the head-to-head orientation
of the plasmid sequences, with one plasmid fused in the
HSV -tk gene and the other in the CMV promoter (data not
shown). In addition, there was 175 bp of a repetitive human
sequence located between the fused plasmid sequences
(Genbank accession number AF187979). This short DNA
fragment may have been inserted between the ends of the
plasmid during nonhomologous end joining, because the
insertion of short DNA fragments has previously been
observed in mammalian cells by the analysis of mutations
in the Aprt gene [59,60]. Alternatively, the presence of the
short DNA fragment between the inverted plasmid se-
quences could mean that another type of recombination
event preceded the fusion of the plasmid sequences.

Analysis of Chromosome Instability in Subclones with
Spontaneous Telomere Loss

Fluorescence in situ hybridization was performed to
further characterize the marked chromosome containing
the integrated plasmid sequences in the parental B3 clone
and three subclones with nontelomeric DNA joined on to the
end of the marked chromosome. Hybridization with the
pNCT - A plasmid probe showed that clone B3 had a single
integration site near a telomere (Figure 6A), which was
determined to be on the short arm of chromosome 16 by
propidium iodide staining and hybridization with a chromo-
some- 16-specific probe (data not shown). The analysis of
50 mitotic cells of clone B3 using the chromosome-16-
specific probe identified only one cell that had a rearrange-
ment of chromosome 16 (Table 4), demonstrating that the
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Figure 6. Analysis of the site of integration of the pNCT - tel plasmid in clone
B3 using fluorescence in situ hybridization. (A) A single integration site of the
pNCT -tel plasmid is observed in clone B3 at the end of the short arm of a
chromosome. Hybridization was performed with the pNCT-A plasmid and
chromosomes were counterstained with propidium iodide. The chromosome
was identified by chromosome - specific probes to be chromosome 16 (data
not shown). (B) Hybridization with both a telomere - specific PNA probe
(red) and a chromosome - 16 - specific probe (green) demonstrated that
telomeric repeat sequences are located on the ends of both homologs of
chromosome 16 in clone B3. Chromosomes were counterstained with DAPI.
(C) The hybridization signal observed with the telomere - specific probe alone
showing detectable telomeres on both ends of all the chromosomes.

marked chromosome containing the integrated plasmid is
relatively stable. Four different subclones of B3 that were
selected at random also rarely contained detectable re-
arrangements in the marked chromosome (Table 4).
Fluorescence in situ hybridization with both a telomere-
specific PNA probe and a chromosome-16-specific probe
was also used to analyze telomere status on the marked
chromosome. PNA probes have been demonstrated to be
highly sensitive and have previously been used to quantify
telomere length in human cells [49,61]. The results
demonstrated that in all of the cells observed, both homologs
of chromosome 16 had telomeres on both ends (Figure
6B and C). Telomeres could also be seen on the ends of all
the other chromosomes in virtually all of the cells.

In contrast to the parental clone B3 or subclones selected
at random, the marked chromosome was highly unstable in
subclones G55, G60, and G71 (Table 4) in which
nontelomeric DNA had been joined on to the end of the
truncated HSV -tk gene (see Figures 2 and 5). Unlike the
parental clone B3, in all three of these subclones the
integrated plasmid sequences were located at interstitial
sites in most cells in the population (Figure 7). Furthermore,
chromosome painting showed a high degree of heterogene-
ity in the structure of the chromosome containing the
integrated plasmid sequences (Figure 7, Table 4). The
most common change involved the presence of fragments of
chromosome 16 of varying lengths joined on to the end of the

Table 4. The Number of Mitoses With Aberrations in the Marked Chromo-
some Compared with the Number of Mitoses with Aberrations in Chromo-
some 1 or All Other Chromosomes in Clone B3 and Its Subclones.

Chromosome 16*

Cell Clone No Apparent Change Rearranged Dicentrics
B3 49 1 0

B3-1 52 0 0

B3-2 49 1 0

B3-4 50 0 0

B3-5 50 0 0

G55 21 29 1

G60 21 29 3

G71 26 24 3
Chromosome 1*

Cell Clone No Apparent Change Rearranged Dicentrics
B3 50 0 0

G55 50 0 0

G60 6 0 0

G71 49 1 0

All chromosomes

Cell Clone No Aberrations Breaks' Fusions*
B3 40 7 3

G55 44 4 2

G60 35 10 5

G71 45 2 3

*The analysis of rearrangements in specific chromosomes were performed by
hybridization with a chromosome - specific libraries.

Breaks include both chromatid breaks and chromosome breaks.

¥Fusions include dicentric and ring chromosomes.
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Figure 7. Fluorescence in situ hybridization demonstrating the instability of the marked chromosome in subclones G60 and G71 that have nontelomeric DNA joined
on to the end of the marked chromosome. Metaphase chromosomes from subclones G60 (A, B, E, F) and G71 (C, D) were hybridized with either the pNCT - A
plasmid probe (A, C, E) ora chromosome - 16 - specific probe (B, D, F) and the chromosomes were counter stained with propidium iodide. Extensive heterogeneity
was observed in the structure of the marked chromosome, including the presence of chromosome 16 fragments of different lengths joined on to the end (A, B),
dicentric chromosomes involving the marked chromosome and other chromosomes (C, D), and amplification of the marked chromosome with chromosome - 16 -
specific fragments interspersed with fragments of other chromosomes (E, F).

marked chromosome (Figure 7A and B). Combined with end of the marked chromosome in these subclones resulted
the demonstration of inverted repeats in the plasmid DNA from sister chromatid fusion.

rescued from subclones G55 and G71 (Figure 5), this In some cells in the population, fragments of other
observation strongly suggests that the DNA joined on to the chromosomes were also observed on the end of the marked

Neoplasia e Vol. 2, No. 6, 2000
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Figure 8. Analysis of telomeres on the end of the unstable marked chromosome in subclone G71. Hybridization was performed with both a telomere - specific PNA
probe (red) and a chromosome 16 -specific probe (green). Chromosomes were counter stained with DAPI. Hybridization signals are shown for both probes
together (A, C, and E) and with the telomere - specific PNA probe alone (B, D, and F). The results are shown for a cell (A, B) in which the DNA joined on to the end
of the marked chromosome originated from chromosome 16 and had no detectable telomere on the end (arrow); a cell (C, D) in which the DNA joined on to the end
of the marked chromosome originated from chromosome 16 and had a telomere on the end (arrow); and a cell (E, F) in which the DNA joined on to the end of the
marked chromosome originated from both chromosome 16 and another chromosome and had a telomere on the end. The location of the interstitial plasmid

sequences (as determined by hybridization with the pNCT-A probe, data not shown) at the junction between the marked chromosome and a fragment of
chromosome 16 is shown (arrow, E).
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chromosome (Figure 7C and D), often with fragments of
chromosome 16 located between these fragments and the
marked chromosome (see Figure 8E). In other cells, further
amplification and/or fragmentation of the marked chromo-
some was observed (Figure 7E and F). Although the
marked chromosome appeared to be normal in nearly 50%
of the cells in all three subclones using the chromosome-16-
specific painting probe (Table 4), further analysis showed
that these “normal-looking” chromosomes had also under-
gone rearrangements: in situ hybridization with the plasmid
probe commonly showed that the plasmid was no longer
telomeric (data not shown) and hybridization with the
telomere-specific probe showed that they often had no
detectable telomere on one end (see below).

The extensive heterogeneity in the structure of the marked
chromosome in different cells in the population in subclones
G55, G60, and G71 strongly suggests that the marked
chromosome can be unstable for many generations following
the loss of a telomere. A prolonged period of instability in the
marked chromosome in these subclones is also indicated by:
1) the presence of dicentric chromosomes containing the
marked chromosome in some cells in the population even
after 20 generations (Table 4, Figure 7C and D), because
dicentric chromosomes are generally unstable in mammalian
cells [62]; 2) the amplification of the plasmid sequences in
tandem arrays in some cells (Figure 7E); and 3) the
presence of multiple fragments of chromosome 16 inter-
spersed with fragments of other chromosomes (Figure 7F).
In addition, many second - generation subclones isolated from
subclone G71 continue to show a high degree of hetero-
geneity in the structure of the marked chromosome (data not
shown), demonstrating that chromosome instability can
continue for more than 20 generations.

In contrast to the marked chromosome, the other
chromosomes in subclones G55, G60, and G71 were found
to be relatively stable (Table 4). The analysis of all
chromosomes by Giemsa staining showed no difference
between the parental B3 clone and subclones G55, G60, and
G71 in the frequency of chromatid or chromosome breaks, or
the frequency of dicentric and ring chromosomes. Similarly,
the use of a chromosome - specific probe for the analysis of
chromosome 1 (Table 4) or chromosomes 12, 13, and 19
(data not shown), also showed that these chromosomes,
unlike the marked chromosome, had few detectable re-
arrangements. Thus, the chromosome instability in the
subclones in which the marked chromosome had undergone
telomere loss and chromosome fusion is confined to the
marked chromosome.

To determine whether telomeres are present on the
marked chromosome in subclone G71, hybridization was
performed with both a telomere-specific PNA probe and a
chromosome-16-specific probe (Figure 8). In the parental
B3 clone, telomeres are always detectable on both
homologs of chromosome 16 (Figure 6B and C). In
contrast, a telomere was not detectable on one end of a
chromosome 16 in many cells (8 of 40) in subclone G71
(Figure 8A and B), despite the fact that telomeres were
detectable on both ends of all the other chromosomes in
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virtually all of the cells observed. Telomeres were often
observed on the end of the marked chromosome with
fragments of chromosome 16 joined to the end (Figure
8C and D). Telomeres were also observed on the ends of
fragments of other chromosomes joined on to the end of
the marked chromosome (Figure 8E and F). Whether the
acquisition of telomeres on the end of the marked
chromosome in these cells resulted from de novo addition
by telomerase or the capture of preexisting telomeres
could not be determined. The absence of detectable
telomeric repeat sequences at the junctions between the
marked chromosome and the fragments of chromosome
16 (Figure 8C) or other chromosomes (Figure 8E) that
contain telomeres on the end could mean that these
fragments resulted either from translocation or from end-
to-end fusion following telomere loss. Regardless of the
mechanism involved, telomere restoration appears to be
capable of stabilizing the marked chromosome in subclone
G71, because the marked chromosome with telomeres on
both ends is stable in some of the next generation of
subclones isolated from subclone G71 (data not shown).

Discussion

The study of the loss of the telomeric plasmid sequences
in the EJ-30 cell line suggests that this cell line undergoes
spontaneous telomere loss and that telomere loss can
result in prolonged periods of chromosome instability. The
mechanism for the spontaneous telomere loss is unknown.
The analysis of the length of the marked telomere in clone
B3 during prolonged growth in culture demonstrated that it
is maintained at a specific mean length (data not shown),
as previously observed in two other telomerase-positive
cancer cell lines [53,63]. However, despite this ability to
maintain telomeres at a specific mean length, some
telomeres can experience dramatic alterations in length
and may become too short to protect the end of the
chromosome [63]. The loss of the telomere would then
result in extensive degradation of the subtelomeric DNA,
followed by fusion between sister chromatids or other
chromosomes. These changes in telomere length could
result from mutations or altered expression of a large
number of different genes that have been shown to
influence telomere stability [14—18]. Although it cannot
be completely ruled out that the presence of the plasmid
sequences influences the rate of telomere loss, this does
not appear to be the case. The presence of dicentric
chromosomes in 4% of the cells in the parental EJ-30 cell
line, and the fusion of the marked chromosome with other
chromosomes (Figure 7), suggests that the telomere loss
and chromosome instability seen in the marked chromo-
some also occurs on other chromosomes in this cell line.
Consistent with these observations, the dynamics of the
changes in length of marked telomeres generally reflects
the dynamics of the endogenous telomeres and the
frequency of telomere associations [13,53,63]. In addition,
studies in yeast have demonstrated that normal telomere
function requires only the presence of telomeric repeat
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sequences [64]. Telomere repeat sequences would also
appear to be all that is necessary for normal telomere
function in human cells, as demonstrated by the viability of
humans with terminal deletions involving chromosome
healing [36,37].

Chromosome Fusion and Chromosome Instability
Associated with Telomere Loss

The most frequent event associated with the loss of
function of the HSV -tk gene in the EJ-30 cell line is telomere
loss and the joining of nontelomeric DNA on to the end of the
truncated chromosome (Table 3). The DNA joined on to the
end of the marked chromosome in two subclones, G55 and
G71, consisted of inverted repeats of the end of the
chromosome (Figure 5), indicating that sister chromatid
fusion is often involved. Cytogenetic analysis also provides
evidence for sister chromatid fusion, because in three
different B3 subclones, G55, G60, and G71, the fragments
joined on to the end of the marked chromosome 16 most
often originated from chromosome 16.

The extensive heterogeneity in the structure of the
marked chromosome in subclones G55, G60, and
G71 (Table 4, Figures 7 and 8), demonstrates that the
chromosomes with inverted repeats on their ends are often
highly unstable. Decreased telomerase activity does not
appear to be involved in this instability, since the level of
telomerase activity in subclones G55, G60, and G71 is
similar to that seen in the parental clone B3 (data not
shown). Similarly, exposure of the cells to ganciclovir can
also be ruled out, since the instability is confined to the
marked chromosome (Table 4). A more likely explanation is
that this chromosome instability is associated with telomere
loss and sister chromatid fusion, consistent with previous
studies that demonstrated a high rate of rearrangement of
human chromosomes involved in telomere associations
[21-24]. Thus, one possible mechanism for the chromo-
some instability in the marked chromosome is the breakage/
fusion/bridge cycle. The breakage/fusion/bridge cycle was
first described in plants by McClintock [25] and has
subsequently been shown to be a mechanism of chromo-
some instability in rodent cells [26—28]. In this model, the
loss of a telomere before or during DNA synthesis results in
sister chromatids without telomeres. The sister chromatids
then fuse at their ends, form a bridge during cell division, and
break, leaving one daughter cell with an amplification and the
other with a deletion of the end of the chromosome. This
cycle then continues, leading to further chromosome
rearrangements, until a new telomere is added, the chromo-
some is lost, or the cell dies. Several lines of evidence
suggest that breakage/fusion/bridge cycles can occur after
the loss of a telomere in EJ-30, including: 1) the analysis of
the rescued plasmid DNA, which demonstrates the presence
of inverted repeats (Figure 5); 2) cytogenetic analysis,
which demonstrates fragments of chromosome 16 joined on
to the end of the marked chromosome (Figures 7A and B
and 8); and 3) the presence of tandem arrays of amplified
plasmid sequences, as demonstrated by the presence of
multiple spots on the same marked chromosome using

hybridization with the pNCT - A plasmid (Figure 7E and F).
The presence of dicentric chromosomes involving the
marked chromosome and other chromosomes (Figure
7C and D), and the alternating chromosome-16-specific
bands on some chromosomes (Figure 7F') also suggest that
breakage/fusion/bridge cycles can occur between the
marked chromosome and other chromosomes after the loss
of a telomere.

Marked Chromosomes with No Telomeres or Telomeres
Added at a New Location

An interesting observation arising from these studies is
the presence of cells in the population in subclone G71 in
which the marked chromosome lacks a detectable telomere
on one end. Although it cannot be ruled out that telomeres
are present but are too short to be detected, PNA probes are
highly sensitive and have been shown to detect as little as
150 bp of telomeric repeat sequences [49]. Therefore, even
if telomeres are present they may not be long enough to
allow for the proper assembly of the proteins required for
normal telomere function. One possible explanation for the
absence of detectable telomeres on the ends of these
marked chromosomes is that they contain fusions between
the ends of the sister chromatids. Sister chromatid fusions
would be expected in some marked chromosomes in
subclones G55, G60, and G71 if they are continuing to
undergo breakage/fusion/bridge cycles. Alternatively, the
absence of detectable telomeres on the marked chromo-
some so many generations after the initial loss of a telomere
could mean that chromosomes without telomeres can be
maintained in the EJ-30 cell line without undergoing
chromosome fusion. Chromosomes without telomeres have
been previously demonstrated to be stably maintained
through multiple cell divisions without fusion in Drosophila
[65,66]. Chromosomes in yeast can also be maintained for
up to 10 cell generations without a telomere as part of an
adaptation process [33], which is limited to a single
unrepairable double-strand break [67]. Extensive degrada-
tion resulting from the prolonged absence of a telomere, as
previously reported in Drosophila [68], could explain the fact
that the entire plasmid is commonly missing from the end of
the chromosome in the HSV-tk~ subclones selected in
ganciclovir alone.

Approximately 1 in 10 of the HSV-tk~ subclones that
retained some portion of the plasmid had telomeric repeat
sequences added directly on to the ends of the truncated
chromosome (Figures 3 and 4, Table 3). It is not known at
this time whether the addition of the telomere in these
subclones occurred by de novo synthesis by telomerase or
by capture of preexisting telomeres. Short regions of
complementarity to telomeric repeat sequences were ob-
served at the site of addition of the telomeric repeat
sequences (Figure 4), as has been previously reported in
chromosome healing in humans [36,37] and in mouse ES
cells [32]. However, the presence of short regions of
complementarity alone does not establish the mechanism
involved. Although short regions of complementarity are
commonly found at sites of de novo telomere addition [38],
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they are also commonly seen with nonhomologous end
joining [59], a mechanism likely to be involved in telomere
capture. Studies with human cell extracts have demon-
strated that telomeric repeat sequences can be added on to
the ends of oligonucleotides by de novo synthesis [38].
However, telomeric repeat sequences have also been found
to be added on to the ends of transfected plasmid DNA [56]
in a human cell line that was later shown to lack detectable
telomerase activity [13]. Thus, additional studies are
required to determine whether de novo addition of telomeres
by telomerase plays a significant role in the mammalian cell
response to telomere loss.

Factors Influencing Telomere Loss-Induced Chromosome
Instability

The chromosome instability induced by telomere loss
could be influenced by several factors. The ability of cells to
regulate the cell cycle in response to chromosome damage
could prevent the chromosome instability resulting from
telomere loss, because the absence of a telomere or the
presence of a dicentric chromosome would both be signals for
a cell cycle arrest. Consistent with this possibility, a previous
study found that most human cancer cell cultures that had
breakage/fusion/bridge events were p53 negative [29].
Thus, the prolonged periods of chromosome instability in EJ -
30 are likely to be dependent on the defect in p53 in this tumor
cellline [54,55]. The ability of cells to adapt to the absence of
a telomere on the end of a chromosome could also be
important in determining the extent of the chromosome
instability, since as mentioned earlier, chromosomes without
telomeres can be maintained without fusions in both
Drosophila [65,66] and yeast [33]. Finally, the ability of
EJ-30 cells to restore lost telomeres could also affect
chromosome instability, as originally proposed by McClintock
[25]. Consistent with this hypothesis, chromosomes in EJ-30
that become unstable following the loss of a telomere can
again become stable, as shown by the absence of hetero-
geneity in the marked chromosome with telomeres on both
ends in subclones isolated from subclone G71 (data not
shown). The importance of telomeres in chromosome
instability in the EJ-30 cell line may therefore depend not
only onfactors that influence the rate of telomere loss, but also
on the ability of these cells to respond to the presence of a lost
telomere through cell cycle regulation, adaptation, and
chromosome healing.
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