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Cancer cells commonly have a high rate of telomere loss, even when expressing telomerase, contributing to
chromosome instability and tumor cell progression. This review addresses the hypothesis that this high rate of
telomere loss results from a combination of four factors. The first factor is an increase in the frequency of
double-strand breaks (DSB) at fragile sites in cancer cells due to replication stress. The second factor is that
telomeres are fragile sites. The third factor is that subtelomeric regions are highly sensitive to DSBs, so that
DSBs near telomeres have an increased probability of resulting in chromosome instability. The fourth factor is
that cancer cells may be deficient in chromosome healing, the de novo addition of telomeres to the sites of
DSBs, a mechanism that prevents chromosome instability resulting from DSBs near telomeres. Understanding
these factors and how they influence telomere loss will provide important insights into the mechanisms of
chromosome instability and the development of novel approaches for anti-cancer therapy. Cancer Res; 70(11);
4255–9. ©2010 AACR.
Human telomeres are composed of a TTAGGG repeat se-
quence and associated proteins that together form a cap that
keeps the ends of chromosomes from appearing as double-
strand breaks (DSB) and, thereby, prevents chromosome fu-
sion (1, 2). In humans, telomeres are maintained in germ line
cells, but shorten as somatic cells divide owing to the down-
regulation of telomerase. Telomere shortening limits the
replication of somatic cells, and as a result, cancer cells inva-
riably maintain their telomeres, most often through the
expression of telomerase, although approximately 10% of
human tumors maintain telomeres through an alternative
mechanism (3). Excessive telomere shortening prior to the
expression of telomerase can lead to chromosome fusion,
which has been proposed as a mechanism for chromosome
instability (4). However, a high rate of telomere loss is com-
mon in a variety of different types of early passage cancer
cells despite the expression of telomerase (5). This review
addresses the mechanisms responsible for this spontaneous
telomere loss in human cancer cells and its importance in
the chromosome instability associated with human cancer.
My laboratory has investigated the mechanisms and con-

sequences of telomere loss using plasmid sequences integra-
ted immediately adjacent to a telomere (6). These plasmids
contain both positive and negative selectable marker genes,
as well as a recognition site for the I-SceI endonuclease.
Selection with ganciclovir for the loss of the herpes simplex
virus thymidine kinase (HSV-tk) gene within the plasmid is
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used to identify cells in the population that have lost the
marked telomere, either spontaneously or as a result of DSBs
induced by the I-SceI endonuclease. This approach allows us
to monitor both the rate of telomere loss and the sequence of
events involved in the instability of an individual chromo-
some that has lost a telomere. Consistent with the results
of Gisselsson and colleagues involving the analysis of a large
number of early passage cancer cells (5), our more in-depth
analysis showed a high rate of spontaneous telomere loss in
the human EJ-30 bladder cell carcinoma (7–9) and SCC-61
squamous cell carcinoma cell lines.1 A critical feature of
the spontaneous telomere loss in these cancer cell lines is
that it occurs at a low enough frequency so that the cells
do not die, and therefore continue to divide and accumu-
late large numbers of chromosome rearrangements. With
the EJ-30 human carcinoma cell line, the spontaneous
rate of loss of an individual telomere is 10−4 events/cell/
generation, which means that approximately one of the
92 telomeres in this near diploid cell line would be lost in
every 100 cell divisions.
The analysis of the consequences of spontaneous telomere

loss in individual ganciclovir-resistant subclones of the EJ-30
human cancer cell line was conducted using Southern blot
analysis, the cloning and sequencing of the DNA rear-
rangements involved, and cytogenetic analysis. Our results
showed that the most common events observed in HSV-tk-
deficient subclones consisted of large deletions and gross
chromosome rearrangements (7–10). All three of the HSV-
tk-deficient subclones that were analyzed in more detail
had undergone sister chromatid fusions that resulted in
prolonged periods of chromosome instability involving
J. P. Murnane, unpublished observations.
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breakage-fusion-bridge (B/F/B) cycles, showing that this was
a common consequence of spontaneous telomere loss. B/F/B
cycles occur when the fused sister chromatids form a bridge
during anaphase, which eventually breaks as the cell divides,
resulting in inverted repeats on the end of the chromosome
in one daughter cell and a terminal deletion on the chromo-
some in the other daughter cell (Fig. 1). Because these chro-
mosomes still lack a telomere on one end, following DNA
replication, the sister chromatids will fuse and break again
in the next cell cycle. The repeated B/F/B cycles result in fur-
ther amplification, generating arrays of inverted repeats that
are typical of the amplified regions found in human cancer (6).
The B/F/B cycles continue until the chromosome acquires
igure 1. Mechanism of chromosome instability involving B/F/B cycles.
DSB near a telomere before or during DNA replication results in
lomere loss and sister chromatid fusion. Because of the presence of
o centromeres, the fused sister chromatids break during anaphase,
sulting in an inverted repeat on the end of one of the chromosomes in
ne daughter cell and a terminal deletion on the other chromosome in
e other daughter cell. The absence of a telomere on the broken
hromosomes leads to additional fusions, bridges, and breaks in
ubsequent cell cycles, resulting in further amplification. The acquisition
f a telomere, most often by translocation from other chromosomes,
ventually stabilizes the chromosome. Represented in the illustration
re a chromosome (solid green line), the replicated sister chromatids
ouble green lines), telomeres (orange rectangles), centromeres (green
ircles), the orientation of the subtelomeric region (arrows), sites of
hromosome fusion (diagonal red lines), and a translocation (blue
ctangle).
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a new telomere, most often by translocation of the end
of another chromosome (9). However, the nonreciprocal
translocations cause the loss of the telomere on the donor
chromosome, resulting in the transfer of instability from one
chromosome to another (9). Thus, even the loss of a single
chromosome can result in prolonged chromosome instability
involving multiple chromosomes. Importantly, the types of
chromosome rearrangements resulting from telomere loss, in-
cluding amplification, terminal deletions, isochromosomes,
dicentrics, rings, and translocations, are the same types of
chromosome rearrangements typically associated with hu-
man cancer (6). The importance of chromosome instability re-
sulting from telomere loss in promoting cancer has been
shown in mice with a knockout in the RNA component of tel-
omerase. When crossed with p53 knockout mice, these telo-
merase-deficient knockout mice show a high frequency of
carcinomas that are typical of human cancer (4). Moreover,
the tumors of these mice show chromosome rearrangements
involving amplified regions adjacent to translocations, identi-
cal to the rearrangements that we have reported for chromo-
some instability resulting from B/F/B cycles (8–10).
Replication Stress as a Source of DSBs at
Fragile Sites in Human Cancer Cells

We have used I-SceI endonuclease to generate DSBs at the
I-SceI site within the telomeric plasmid sequences to inves-
tigate how DSBs in subtelomeric regions affect telomere loss.
These studies have been done in both mouse embryonic
stem cells (10–12) and in the EJ-30 human cancer cell line
(13). The DSBs near telomeres in both cell types were found
to produce gross chromosome rearrangements (GCR) that
were similar to those resulting from spontaneous telomere
loss in the EJ-30 tumor cell line. The I-SceI–induced GCRs
in mouse embryonic stem cells primarily involved sister
chromatid fusions (10–12), whereas additional GCRs, in-
cluding fusions with other chromosomes, ring chromosomes,
and translocations were also observed in EJ-30 (13). This high
frequency of GCRs resulting from I-SceI–induced DSBs near
telomeres suggests that the high rate of spontaneous
telomere loss in human cancer cells might also result from
DSBs near telomeres. How these DSBs might occur is not
known; however, cancer cells have been shown to have an
increase in spontaneous DSBs as a result of oncogene-
induced replication stress (14). Replication stress results
when cancer cells that are continually traversing the cell
cycle fail to adequately prepare the precursors required to
replicate the genome. As a result, replication forks stall at
fragile sites, which are regions that are difficult to replicate,
leading to the formation of DSBs. A recent study using drug-
induced replication stress has shown that subtelomeric
regions in mammalian cells are fragile sites, as shown by
an increase in stalled replication forks near telomeres and
telomere fragmentation (15). On the basis of these observa-
tions, it seems likely that subtelomeric regions in cancer cells
experiencing replication stress would be sites of increased
replication fork stalling and DSB formation (Fig. 2).
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Figure 2. Mechanisms proposed for spontaneous telomere loss in cancer
cells. During DNA replication, the two DNA strands (blue lines) are converted
into four strands as the replication fork progresses. Telomere loss in
cancer cells occurs because replication forks stall at fragile sites, which
include telomeres, as a result of replication stress caused by continuous cell
division. The failure to stabilize stalled replication forks in the proximity of
a telomere would result in replication fork collapse and the formation of a
DSB, causing the loss of the terminal fragment containing the telomere.
Similarly, replication forks encountering an I-SceI–induced DSB near a
telomere would also result in telomere loss. Alternatively, the increased
frequency of loss of the terminal fragment containing the telomere could
result from a deficiency in DSB repair near telomeres. Finally, a failure to
stabilize the chromosome after the loss of the telomere because of a
deficiency in chromosome healing in cancer cells would further increase
the likelihood of sister chromatid fusion or other gross chromosome
rearrangements, which would then initiate chromosome instability.
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Increased Sensitivity of Subtelomeric Regions
to DSBs

Oncogene-induced replication stress would affect DNA
replication at numerous fragile sites within the cancer cell
genome. However, subtelomeric regions are highly sensitive
to DSBs, and therefore would be much more likely to expe-
rience GCRs and chromosome instability in response to
www.aacrjournals.org
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stalled replication forks than most fragile sites. The analysis
of the consequences of I-SceI–induced DSBs at different lo-
cations along a chromosome in yeast showed that DSBs in
subtelomeric regions were much more likely to result in
GCRs than DSBs at interstitial sites (16). Consistent with this
observation, we have shown that in the EJ-30 human tumor
cell line, the frequency of large deletions, terminal deletions,
and GCRs that result from I-SceI–induced DSBs is much
greater at subtelomeric sites than at interstitial sites (13).
This finding is not due to a difference in the frequency of
DSBs, because the frequency of small deletions, which we
(13) and others (17, 18) have found to be the most common
type of event at interstitial I-SceI–induced DSBs, is the same
at both locations. Our results therefore show that DSBs in
subtelomeric regions in mammalian cells have a much
greater probability of resulting in GCRs and chromosome in-
stability than DSBs at interstitial sites.
The mechanism responsible for the increased sensitivity

of subtelomeric regions to DSBs could also be responsible
for the high rate of spontaneous telomere loss in cancer
cells (Fig. 2). One possible mechanism would be a deficiency
in repair of DSBs in subtelomeric regions by either nonho-
mologous end joining (NHEJ) or homologous recombination
repair, because as mentioned earlier, replication stress in
cancer cells is likely to result in DSBs near telomeres. Homo-
logous recombination repair uses the sister chromatid as
a template, whereas NHEJ involves the rejoining of the
broken ends, often after processing (19). There are two
forms of NHEJ, classical NHEJ (C-NHEJ) and alternative
NHEJ (A-NHEJ; ref. 20). C-NHEJ is a well-defined pathway
and is relatively efficient in the rejoining DSBs, most often
resulting in the restoration of I-SceI sites during repair of
I-SceI-induced DSBs (21). In contrast, much less is known
about A-NHEJ, which is responsible for most small deletions
at I-SceI–induced DSBs (20, 21), and is commonly involved in
the formation of GCRs (20). The similarity in the frequency of
small deletions that we observed at interstitial and sub-
telomeric DSBs in the EJ-30 tumor cell line suggests that the
efficiency of repair by A-NHEJ is not affected by the proximity
of a telomere. This deficiency in repair of DSBs could result
from the inhibition of ATM by the telomeric protein TRF2,
as part of its role in protecting chromosome ends and prevent-
ing chromosome fusion (22). ATM is required for the repair of
DSBs in heterochromatin (19), and subtelomeric regions have
been shown to consist of heterochromatin (23). Studies in
yeast showed that the relative frequency of NHEJ is decreased
near telomeres (16), which was found to result from an in-
crease in the repair of DSBs through unconventional mechan-
isms that resulted in the loss of the terminal fragment.
A second mechanism that could account for both the in-

creased sensitivity of subtelomeric regions to DSBs and the
increased rate of telomere loss in cancer cells is an inability
to stabilize stalled replication forks near telomeres (Fig. 2).
The stabilization of stalled replication forks is required to
prevent replication fork collapse and the formation of DSBs
(24). Stalled replication forks resulting from either replica-
tion stress or as a result of a replication fork encountering
an I-SceI–induced DSB might be more likely to collapse near
Cancer Res; 70(11) June 1, 2010 4257
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telomeres because of a deficiency in ATR, which like ATM, is
inhibited at telomeres to prevent chromosome fusion (22).
ATR is important in the stabilization of stalled replication
forks, and cells deficient in ATR are highly sensitive to repli-
cation stress and DNA lesions (24). An additional factor that
could further promote telomere loss would be the absence of
origins of replication within the terminal fragment distal to
the DSB, because dormant origins of replication can fire un-
der conditions of replication stress as a way of ensuring com-
plete DNA replication (25).
Chromosome Healing Compensates for
Deficient Repair of DSBs Near Telomeres

Chromosome healing is the de novo addition of telomeric
repeat sequences at the sites of DSBs, which in yeast has been
shown to involve telomerase. Chromosome healing in yeast is
inhibited by the PIF1 helicase, which has been proposed as a
mechanism to prevent chromosome healing from interfering
with DSB repair (26). Consistent with this conclusion, the in-
hibition of chromosome healing by PIF1 at interstitial sites
in yeast requires it to be phosphorylated by a MEC1/RAD53-
dependent pathway in response to DSBs (27). Chromosomal
healing also occurs in human germ line cells, as shown by
the role of terminal deletions resulting from the addition of
telomeres to the ends of broken chromosomes in human ge-
netic disease (28). However, chromosome healing has not been
observed at interstitial DSBs generated by I-SceI in human cell
lines that express telomerase (17, 29), and the expression of
telomerase has little effect on the response of mouse cells to
ionizing radiation (30). Therefore, as in yeast, chromosome
healing seems to be closely regulated in mammalian cells.
Although chromosome healing is not observed at intersti-

tial DSBs in mammalian cells, we have shown that chromo-
some healing is a common event at DSBs near telomeres in
mouse embryonic stem cells, in which it accounts for approx-
imately one third of the rearrangements (11, 12). The absence
of chromosome healing at DSBs near telomeres in embryonic
stem cell lines with a knockout of the catalytic subunit of tel-
omerase, mTERT (11), and the restoration of chromosome
healing upon expression of mTERT in these cells,1 shows that
chromosome healing involves telomerase in these embryonic
stem cell lines, as it does in yeast. However, we have also
observed that chromosome healing is a frequent event at
DSBs near telomeres in a mouse embryonic stem cell line
that had acquired the ability to maintain telomeres through
a telomerase-independent pathway (11). Thus, human
tumor cells that maintain telomeres through a telomerase-
independent pathway might also be capable of doing chromo-
some healing. Regardless of the mechanism of chromosome
healing, our studies in mouse embryonic stem cells showed
that unlike sister chromatid fusions, which typically occur
following degradation, chromosome healing always occurred
at or near the site of the DSB (11). Therefore, chromosome
healing precedes and prevents degradation, GCRs, and chro-
mosome instability resulting from DSBs near telomeres. On
the basis of this observation and the fact that chromosome
Cancer Res; 70(11) June 1, 2010
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healing rarely occurs at DSBs at interstitial sites, we have
hypothesized that chromosome healing serves as an alterna-
tive mechanism for dealing with DSBs near telomeres to com-
pensate for the increased sensitivity to DSBs in these regions
(13, 29). Although chromosome healing results in terminal
deletions, little DNA would be lost with DSBs near telomeres,
and therefore terminal deletions would be preferable to the
alternative, which involves GCRs and chromosome instability.
An interesting observation made in the course of our stud-

ies is that the frequency of chromosome healing at DSBs near
telomeres in the EJ-30 human cancer cell line is much lower
than the frequency of chromosome healing in mouse
embryonic stem cells. Unlike mouse embryonic stem cells,
in which chromosome healing is observed in approximately
one third of the HSV-tk-deficient subclones resulting from
I-SceI–induced DSBs (11), chromosome healing in EJ-30 is
observed in <1% of the HSV-tk–deficient subclones resulting
from I-SceI–induced DSBs (13). Although this could be a re-
sult of differences between human and mouse cells, it may
also be a result of a deficiency in chromosome healing near
telomeres in human tumor cells. A deficiency in chromosome
healing would promote chromosome instability by allowing
sister chromatid fusions or other GCRs (Fig. 2). Thus, a defi-
ciency in chromosome healing could be selected for in
human cancer cells, in which chromosome instability pro-
vides an advantage by increasing the frequency of chromo-
some rearrangements leading to tumor cell progression.
Presumably, these changes in the efficiency of chromosome
healing could involve alterations in the modification of PIF1
or other proteins that regulate telomerase, leading to the
same type of suppression of chromosome healing near telo-
meres that normally occurs at interstitial DSBs. Understand-
ing the regulation of chromosome healing by PIF1 or other
proteins may, therefore, lead to new approaches for promot-
ing chromosome healing in human cancer cells, and thereby
limit the extent of chromosome instability resulting from
spontaneous telomere loss. This research could lead to new
anticancer therapies for use in combination with chemother-
apeutic drugs to prevent the amplification of genes involved
in tumor cell resistance. Moreover, this approach might also
selectively sensitize cancer cells to ionizing radiation or
chemotherapeutic drugs that kill cancer cells by producing
DSBs. Interfering with the regulation of chromosome healing
would lead to de novo telomere addition at interstitial DSBs
and therefore interfere with DSB repair. Although this would
have little effect on normal human somatic cells that do not
express telomerase, it could have a dramatic effect on most
human cancer cells that typically overexpress telomerase.
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