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Abstract
The ends of chromosomes are composed of a short repeat sequence and associated proteins that
together form a cap, called a telomere, that keeps the ends from appearing as double-strand breaks
(DSBs) and prevents chromosome fusion. The loss of telomeric repeat sequences or deficiencies in
telomeric proteins can result in chromosome fusion and lead to chromosome instability. The
similarity between chromosome rearrangements resulting from telomere loss and those found in
cancer cells implicates telomere loss as an important mechanism for the chromosome instability
contributing to human cancer. Telomere loss in cancer cells can occur through gradual shortening
due to insufficient telomerase, the protein that maintains telomeres. However, cancer cells often
have a high rate of spontaneous telomere loss despite the expression of telomerase, which has been
proposed to result from a combination of oncogene-mediated replication stress and a deficiency in
DSB repair in telomeric regions. Chromosome fusion in mammalian cells primarily involves
nonhomologous end joining (NHEJ), which is the major form of DSB repair. Chromosome fusion
initiates chromosome instability involving breakage-fusion-bridge (B/F/B) cycles, in which
dicentric chromosomes form bridges and break as the cell attempts to divide, repeating the process
in subsequent cell cycles. Fusion between sister chromatids results in large inverted repeats on the
end of the chromosome, which amplify further following additional B/F/B cycles. B/F/B cycles
continue until the chromosome acquires a new telomere, most often by translocation of the end of
another chromosome. The instability is not confined to a chromosome that loses its telomere, the
instability is transferred to the chromosome donating a translocation. Moreover, the amplified
regions are unstable and form extrachromosomal DNA that can reintegrate at new locations.
Knowledge concerning the factors promoting telomere loss and its consequences is therefore
important for understanding chromosome instability in human cancer.
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1. Telomeres and the consequences of telomere loss
Seminal work by Hermann Muller in fruit flies [1] and Barbara McClintock in maize [2]
demonstrated long ago that the ends of chromosomes did not fuse with chromosome breaks,
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and therefore must somehow be “capped.” These chromosome ends, which Muller termed
telomeres, are now know to be composed of a short DNA repeat sequence [3] and a large
number of proteins, named the shelterin complex [4], which together form the protective
cap. Telomeres are maintained in germ line cells and embryonic stem (ES) cells by
telomerase, but shorten during cell division in human somatic cells due to insufficient
telomerase activity. Telomere shortening in human fibroblasts eventually results in cell
senescence, as shown by the presence of DSB repair foci at telomeres in senescent cells [5,
6]. Fibroblasts that are unable to senesce continue to divide and undergo severe telomere
shortening, which eventually results in “crisis,” involving massive chromosome fusion and
cell death [7]. Some cells survive crisis by regaining the ability to maintain telomeres, either
through expression of telomerase or through an alternative pathway involving recombination
[8, 9]. Cancer cells typically demonstrate this ability to maintain telomeres [10], which is
thought to be necessary for the extensive cell division required for the development of
malignant cancer.

Barbara McClintock also demonstrated that fusions between two different chromosomes, or
between sister chromatids following DNA replication, can result in chromosome instability
involving breakage-fusion-bridge (B/F/B) cycles [2]. B/F/B cycles occur when fused
chromosomes form a bridge during anaphase as their centromeres are pulled in opposite
directions when the cell attempts to divide. The fused chromosomes eventually break at a
location other than the site of fusion, resulting in the acquisition of DNA on the end of one
chromosome and the loss of DNA on the end of the other chromosome. Because the broken
chromosomes still do not have telomeres, they fuse again in the next cell cycle, continuing
the B/F/B cycles. The consequences of B/F/B cycles depend on whether fusions occur
between different chromosomes or between sister chromatids [11]. A high rate of telomere
loss or telomere loss prior to DNA replication favors fusion between different chromosomes,
while a low rate of telomere loss or telomere loss during DNA replication favors fusion
between sister chromatids. Fusions between chromosomes can be detected by the presence
of dicentric chromosomes at metaphase, and result in the transfer of DNA from one
chromosome to another when the fused chromosomes break. On the other hand, sister
chromatid fusions cannot be detected by conventional cytogenetic methods, because they
appear normal at metaphase except for the lack of telomeres on one end of the sister
chromatids. Unlike fusions between different chromosomes, sister chromatid fusion results
in large inverted repeats on the end of the chromosome in one daughter cell and a large
terminal deletion on the end of the chromosome in the other daughter cell (Fig. 1). In
subsequent cell divisions, the chromosome containing the duplicated region can again
undergo sister chromatid fusion, resulting in extensive DNA amplification consisting of
large inverted repeats. Similarly, the chromosome containing a terminal deletion can also
undergo sister chromatid fusions in subsequent cell cycles, leading to additional terminal
deletions and amplification of sequences far from the original end of the chromosome. The
extent of the amplification or terminal deletions can vary greatly depending on the number
of B/F/B cycles that occur before the chromosome is stabilized by the acquisition of a new
telomere. Chromosomes that go through a single B/F/B cycle will have a single large
inverted repeat, while those that go through many cycles will experience extensive
amplification, although the extent of amplification will also depend on the site of breakage
and deletions within the amplified region [11].

As predicted by the work of McClintock, chromosomes experiencing spontaneous telomere
loss in human cancer cells also experience chromosome instability involving B/F/B cycles
[12–14]. The analysis of individual marker chromosomes following telomere loss using
chromosome-specific painting probes demonstrates that these B/F/B cycles primarily
involve sister chromatid fusions, as shown by: 1) the absence of a telomere on the marker
chromosome many cell generations after telomere loss, 2) anaphase bridges consisting of the
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fused sister chromatids of the marker chromosome, and 3) amplification of the subtelomeric
DNA on the end of the marker chromosome. Importantly, the rate of this spontaneous
telomere loss is low enough so that only a single chromosome is experiencing B/F/B cycles
at any one time, and therefore is not lethal to these cells. In some cells in the population, the
B/F/B cycles continue for many generations, resulting in extensive amplification of
subtelomeric DNA, stopping only when the chromosome acquires a new telomere and once
again becomes stable [14]. Importantly, these studies demonstrate that telomeres are often
acquired by nonreciprocal translocations. Although these nonreciprocal translocations
stabilize the chromosome that acquired the new telomere, they initiate chromosome
instability in the chromosome donating the telomere [14]. Thus, the loss of a single telomere
can result in chromosome instability in multiple chromosomes. Proof that chromosome
instability involving B/F/B cycles is important in cancer is shown by the increase in
carcinomas in telomerase deficient mice that are also deficient in p53, which show
chromosome rearrangements containing amplified regions adjacent to translocations [15,
16]. Similar chromosome rearrangements are also found during amplification of c-Myc in
pro-B lymphomas in mice [17]. Importantly, large inverted repeats have been found to be an
early event in pancreatic cancer [18], and amplified regions in human cancer cells
commonly contain inverted repeats [19, 20].

Although it is now clear that B/F/B cycles resulting from telomere loss can result in genomic
instability, questions remain as to the role of B/F/B cycles in gene amplification in human
cancer. B/F/B cycles were recognized long ago as a mechanism for gene amplification in
rodent cells [21–23]; however, evidence was initially lacking that B/F/B cycles were
associated with gene amplification in human cells. Gene amplification in rodent cells was
obvious due to the breakage of the fused chromosomes far from the site of fusion, producing
large “ladder-like” repeats visible by cytogenetic analysis. However, chromosome breaks
during B/F/B cycles in human cells most often occur within 1 Mb of the site of fusion [13,
24], so that the size of the amplified regions are usually much smaller. In addition, the
regions amplified during B/F/B cycles in human cells can be rapidly deleted out and form
double minute chromosomes [25], which can also be involved in gene amplification and
reintegrate back into chromosomes at other locations [26, 27]. The frequency of these large
deletions demonstrates that the large inverted repeats formed during B/F/B cycles in human
cells are especially unstable and susceptible to breakage, most likely due to their ability
stimulate recombination and replication errors (see below). This instability can make the
identification of rearrangements resulting from B/F/B cycles in human cells difficult to
recognize in human cells.

Further confusion on the role of B/F/B cycles in gene amplification was generated by a
study by Tanaka et al [28], which reported that only a small fraction of large inverted
repeats in cancer cells are associated with gene amplification. This observation suggested
that the formation of large inverted repeats is the rate-limiting step in gene amplification and
occurs by a mechanism that is different than amplification itself. However, a more recent
analysis by this group has now found that the number of large inverted repeats in cancer
cells was much less than originally reported [29]. Thus, most large inverted repeats formed
by sister chromatid fusion are likely to progress to more extensive DNA amplification.

2. Mechanisms of chromosome fusion following loss of telomere function
Chromosome fusions can occur through a variety of different mechanisms depending on the
cell type and the mechanism of loss of telomere function. As will be discussed in detail
below, most chromosome fusions in mammalian cells occur through double-strand break
(DSB) repair involving nonhomologous end joining (NHEJ). This is not surprising, because
NHEJ is the predominant form of repair of unprotected DNA ends in mammalian cells.
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There are at least two forms of NHEJ, classical (C-NHEJ), and alternative (A-NHEJ) (Fig.
2A and B). C-NHEJ (also called conservative or canonical NHEJ) is the major DSB repair
pathway in mammalian cells, and involves proteins that are well characterized, including
Ku70, Ku80, DNA-PKcs, LIG4, and XRCC4 [30]. A-NHEJ (also called deletional NHEJ) is
characterized by the presence of microhomology at the recombination junctions, and is
associated with large deletions and chromosome rearrangements [31–33]. A-NHEJ has been
reported to utilize PARP-1 [34–36], LIG3 [35, 37, 38], MRE11 [39–41], and CtIP [42, 43].
A-NHEJ is increased in cells that are deficient in C-NHEJ due to the suppression of A-
NHEJ by C-NHEJ [43, 44]. A-NHEJ has been proposed as a backup mechanism for C-
NHEJ, although recent evidence demonstrating that A-NHEJ is much more efficient than
originally thought suggests that it serves a more prominent role.

The fact that microhomology is commonly present at repair junctions generated by A-NHEJ
suggests that it is related to the microhomology mediated end joining (MMEJ) mechanism
that has been studied in yeast. However, the relationship between A-NHEj and MMEJ is
controversial [45]. MMEJ in yeast utilizes 5 to 25 bps of microhomology for DSB repair.
The recombination junctions generated during immunoglobulin class switching at the IgH
locus in mouse B cells deficient in XRCC4 or LIG4 show increased microhomology
compared to wild type cells [46]. However, the microhomology at most of these junctions is
shorter (1 to 4 bps) than that observed with MMEJ in yeast, although a significant fraction
have microhomology of 5 bps or longer. Similarly, the increased microhomology at
recombination junctions resulting from A-NHEJ of DSBs induced with the I-SceI
endonuclease in mouse and human cells often show no microhomology or microhomologies
that are much shorter (1 to 4 bps) than that observed with MMEJ in yeast. Therefore,
whether MMEJ and A-NHEJ are the same pathway, or whether there are multiple alternative
NHEJ pathways for repair of DSBs, is unclear at this time.

Studies in yeast have demonstrated that chromosome fusion can occur through mechanisms
other than NHEJ. Chromosome fusion due to telomere loss in yeast commonly involves
single-strand annealing (SSA), in which resection of the 5′ strand on the end of one
chromosome results in single-stranded DNA that pairs with a homologous single-stranded
DNA on the end of another chromosome (Fig. 2C) [47]. In some respects, SSA is similar to
A-NHEJ, in that both mechanisms involve extensive resection of the 5′ strand. However,
while A-NHEJ typically involves only a few bps of microhomology for end joining, SSA
requires large regions of homology. Chromosome fusion in yeast can also occur through the
presence of inverted repeat sequences [48, 49]. DSBs occurring near 5.9 kb Ty1 inverted
repeats in yeast result in sister chromatid fusions involving SSA [50]. In addition, inverted
repeat sequences as short as 4 to12 bps can promote sister chromatid fusions involving
intrastrand annealing in telomerase-deficient yeast [51]. Intrastrand annealing occurs
following the resection of the 5′ strand, which allows the 3′ single-stranded DNA to loop
back and pair with a complementary sequence located at a proximal site in the single-
stranded DNA (Fig. 2D). Break-induced replication and DNA ligation is then proposed to
complete the process, resulting in a chromosome with a hairpin on its end. Replication of the
chromosome then results in sister chromatid fusion, converting the short inverted repeat into
a very large inverted repeat (also called a palindrome). DSBs occurring near short inverted
repeats as small as 4 to 6 bps have also been reported to result in chromosome fusions
involving intrastrand annealing [52]. Other studies in yeast have found that longer inverted
repeats consisting of 320 bp Alu sequences can cause chromosome fusion by promoting the
formation of DSBs due to their ability to form cruciform structures that are recognized as
recombination intermediates [53, 54]. Similar to intrastrand annealing, these cruciform
structures on the ends of chromosomes then result in chromosome fusion when the
chromosomes are replicated, resulting in sister chromatid fusion and large inverted repeats.
Finally, inverted repeats in yeast can result in the formation of chromosome fusions in the
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absence of DSBs by promoting template-switching mechanisms during DNA replication.
Chromosome fusions resulting from template switching involving very long inverted repeats
of 5.3 kb are dependent on homologous recombination [55], while inverted repeats as short
as 60 bps are capable of promoting template switching that is independent of homologous
recombination [56, 57].

Although it is clear that SSA and inverted repeats can be involved in chromosome fusion in
yeast, their role in chromosome fusion in mammalian cells has yet to be established. The
presence of homologous sequences consistent with SSA annealing is not observed at the
junctions of chromosome rearrangements in mammalian cells [58], leading to the hypothesis
that it is prevented by sequence divergence and active suppression [59]. It has been proposed
that intrastrand annealing involving short inverted repeats is likely to be responsible for most
chromosome fusions in mammalian cells based on the fact that chromosome fusions occur in
cells deficient in Ku70 or LIG4 [47, 53, 60]. However, as discussed above, it is now clear
that A-NHEJ is a robust mechanism for repair of DSBs in mammalian cells that does not
require Ku70 or LIG4. The study by Tanaka et al [60] also concluded that intrastrand
annealing involving short inverted repeats is involved in sister chromatid fusions in
mammalian cells based on their observation that one of the inverted repeats involved in
sister chromatid fusions was often longer than the other, and by the presence of
microhomology (0 to 3 bps) at the junctions. However, this microhomology profile is more
typical of A-NHEJ [39, 40, 43, 61] than intrastrand annealing [51, 52]. Moreover, some
sister chromatid fusions in the study by Tanaka et al occurred at the same location in both
inverted repeats so that intrastrand annealing could not have been involved. Other studies
have also found very short or no microhomology during sister chromatid fusion in
mammalian cells (0 to 4 bps), as well as insertions from other chromosomes [62–64].
Therefore, sister chromatid fusions in these studies are likely to involve A-NHEJ, as has
been proposed for chromosome fusions in other studies [65–67]. Mutations introduced
artificially into the RNA template of mammalian telomerase that result in telomeres in
which the two strands are complementary result in sister chromatid fusions [68], suggesting
that as in yeast, long inverted repeats can promote sister chromatid fusion either through
intrastrand annealing [51–54] or replication template switching [55–57]. Therefore, although
there is no evidence that large inverted repeats initiate B/F/B cycles in mammalian cells, the
large inverted repeats created by the breakage of the sister chromatid fusions are likely to
contribute to chromosome instability in subsequent cell cycles.

3. Chromosome fusion due to a deficiency in telomeric proteins
Studies of cells deficient in shelterin proteins that are essential for the caps on the ends of
chromosomes have been an important source of information on the mechanisms of
chromosome fusion. Cells deficient in shelterin proteins undergo chromosome fusion despite
the presence of telomeric repeat sequences due to a failure to protect the end of the
chromosome. A deficiency in TRF2, which binds to double-stranded telomeric repeat
sequences, results in the appearance of DSB repair foci at telomeres [69] and extensive
chromosome fusion [70]. TRF2 works in combination with RAP1 [71] to regulate the
nuclease activity of MRE11 [66, 72, 73] and Apollo [74, 75] to generate the 3′ single-
stranded overhang required to form a T-loop on the end of the chromosome that prevents
chromosome fusion. TRF2 also binds and inhibits ATM [76], a key protein in the
mammalian cellular response to DSBs. Chromosome fusion resulting from a deficiency in
TRF2 occurs by C-NHEJ, as shown by its dependence on LIG4 [66, 70, 73]. Chromosome
fusion in TRF2-deficient cells is dependent on ATM [73, 77], despite the fact that only 10%
of the DSBs repaired by NHEJ require ATM following ionizing radiation [78–80].
Chromosome fusions in TRF2-deficient cells may therefore require ATM-dependent
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modifications in chromatin structure to allow access for DSB repair proteins, because the
DSBs that require ATM for NHEJ are those that occur within heterochromatin [78].

A deficiency in POT1, which binds to the single-stranded telomeric repeat sequences in the
3′ overhang, and/or TPP1, which associates with POT1, also promote chromosome fusion,
although not to the same extent as a deficiency in TRF2 [66, 73, 77]. POT1 and TPP1 are
essential in limiting the 5′-3′ resection of the telomere [81–84], and as a result, a deficiency
in POT1 and/or TPP1 causes excessive resection and long single-stranded DNA on the ends
of chromosomes. Unlike chromosome fusions resulting from a deficiency in TRF2,
chromosome fusions resulting from a deficiency in POT1 and/or TPP1 are independent of
LIG4, and are dependent on ATR, not ATM [66, 73, 77]. Based on these observations,
chromosome fusion in cells deficient in POT1 and/or TPP1 was proposed to occur through
A-NHEJ as a result of an inhibition of C-NHEJ by TRF2, either by the inhibition of ATM or
by the regulation of resection by MRE11 [66]. Chromosome fusions resulting from gradual
telomere shortening in wild-type cells were also proposed to occur by A-NHEJ, due to the
absence of telomeric repeat sequences in the fused chromosomes, indicating that large
deletions had occurred.

4. Monitoring telomere loss and chromosome fusion by PCR
Telomere shortening and its effect on chromosome fusion have been analyzed in human
fibroblasts by single telomere length analysis (STELA). STELA uses polymerase chain
reaction (PCR) to amplify individual telomeres utilizing one primer that is specific for the
end of a chromosome, and a second primer that binds to the single-stranded 3′ overhang at
the end of the telomere [85]. The results with STELA demonstrate that individual telomeres
in human fibroblasts shorten gradually during cell division, and that telomeres are very short
when cells reach senescence. STELA also demonstrates very clearly that normal cells
experience rare rapid deletion events that result in dramatically shortened telomeres [65, 85].
A second PCR-based assay, called Fusion PCR, was also established to monitor the
chromosome fusions resulting from the loss of individual telomeres [65, 86]. Fusion PCR
uses primers specific for the ends of two different chromosomes. To detect chromosome
fusions, the fibroblasts were infected with retroviral vectors containing human papilloma
virus E6E7 oncoproteins to prevent the fibroblasts from entering senescence following
telomere loss. The results demonstrate that chromosome fusions appear at the same time that
STELA detects very short telomeres [65]. In addition, the analysis of the fusions show that
the telomeric repeat sequences are invariably missing on one or both of the chromosomes.
The longest telomeric repeat sequence found at the site of a fusion contained 12 5/6 repeats,
indicating that 13 telomeric repeats are required to form a cap that is capable of protecting
the end of a chromosome [65]. Large deletions of subtelomeric regions were common on
one or both chromosomes involved in the fusions, showing that shortened telomeres are
often associated with rapid degradation of the end of the chromosome. The results also
suggest that these subtelomeric deletions are likely to be much larger, although they would
not be detectable by this approach due to the loss of the DNA complementary to the primer
used for Fusion PCR. The vast majority of chromosome fusions detected by Fusion PCR
involved fusions between different chromosomes, and rarely if at all from fusions between
sister chromatids. However, it was found that artificial fusions generated from the same
chromosome could not be amplified by Fusion PCR, and therefore sister chromatid fusions
are not detected by this method. Importantly, DNA sequence analysis demonstrated that
microhomology was commonly present at the recombination junctions, which in
combination with the presence of large deletions led the authors to propose that chromosome
fusion occurs through A-NHEJ.
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Fusion PCR also shows that rare chromosome fusions occur in replicating primary human
fibroblasts and in senescent human fibroblasts [65, 86]. The fusions in replicating fibroblasts
occur as a result of rapid deletion events within individual telomeres, and demonstrate that
normal human cells can continue to divide despite the presence of a single chromosome
fusion. Fusions also occur in some epithelial cancer cells and transformed epithelial cell
lines that express telomerase [65]. However, these fusions only occur in cells with very short
telomeres, suggesting this is a result of gradual telomere shortening due to a failure of
telomerase to maintain sufficient telomere length. The results with fibroblasts and epithelial
cancer cells demonstrate that chromosome fusions resulting from telomere loss are not
limited to cells in crisis, which occurs when cells lose their ability to initiate senescence or
apoptosis and continue to divide despite the presence of severely shortened telomeres.
However, the high frequency of chromosome fusion detected by Fusion PCR in chronic
lymphocytic leukemia, suggests that a crisis-like state caused by telomere shortening occurs
during the progression of this disease [87].

5. Chromosome fusion due to rapid deletion events
Rapid deletion events similar to those detected by Fusion PCR were first reported in
mammalian cells in an immortal human cell line that maintains its telomeres through a
telomerase-independent mechanism [8]. These rapid deletion events were proposed to result
from recombination, consistent with the demonstration that cell lines utilizing this “ALT”
pathway maintain telomeres through recombination [9]. The rapid deletion events in ALT
cells can result in complete loss of the telomeric repeat sequences, as shown by the fact that
the frequency of rapid deletion events corresponds with the frequency of chromosome
fusion [8]. Rapid deletion events resulting from recombination have subsequently been
shown to result in the formation of DNA circles composed of telomeric repeat sequences
[88]. Despite the expression of telomerase, human cancer cell lines can also demonstrate a
high rate of spontaneous telomere loss that can initiate chromosome instability [12, 89]. This
increased rate of telomere loss and chromosome fusion is found in a large number of early
passage tumor cells in culture [90]. Telomere instability is also nearly universal in epithelial
tumors [91], and tumor sections show a correlation between anaphase bridges and abnormal
karyotypes in sarcomas, pancreatic carcinomas, and colon carcinomas [92].

The mechanism and consequences of spontaneous telomere loss in a cancer cell line
expressing telomerase has been investigated using a plasmid containing a herpes simplex
virus thymidine kinase (HSV-tk) gene integrated immediately adjacent to a telomere. The
growth of cells in medium containing ganciclovir kills cells that express the HSV-tk gene,
providing a means of selecting for cells that have lost the adjacent telomere. These studies
demonstrate a 100-fold higher rate of loss of the HSV-tk gene near telomeres than at
interstitial locations in the EJ-30 human tumor cell line [12]. The analysis of the types of
rearrangements in the HSV-tk-deficient cells demonstrates that most (95%) involve the
complete loss of the plasmid sequences. The remaining events involve either inverted
repeats that result from sister chromatid fusion, or terminal deletions that result from the
addition of a telomere at a new location. Importantly, Fusion PCR does not detect these
types of events because they all commonly involve large deletions on the end of the
chromosome and sister chromatid fusions. These sister chromatid fusions occur through
NHEJ, not intrastrand annealing, as demonstrated by: 1) the fact that some fusions occurred
at nearly the same location on both sister chromatids, 2) the insertion of fragments from
another chromosome at the site of the break in some cells, and 3) the limited
microhomology (0 to 4 bps) at the recombination junctions [62, 64].
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6. The role of DSBs in telomere loss
The role of DSBs in telomere loss and chromosome fusion in mouse ES cells and the EJ-30
human tumor cell line has been investigated using DSBs introduced within subtelomeric
regions with the I-SceI endonuclease. I-SceI endonuclease recognizes an 18 bp sequence
that is not found in the mammalian genome, and has been used extensively to study DSB
repair mammalian cells [93–96]. As with the analysis of spontaneous telomere loss, the
consequences of I-SceI-induced DSBs near telomeres were investigated using plasmid
sequences containing an HSV-tk gene. Interestingly, mouse ES cells selected with
ganciclovir for the loss of the HSV-tk gene demonstrate the same three types of events
observed in human tumor cells experiencing spontaneous telomere loss, i.e., complete loss
of the plasmid sequences, sister chromatid fusions, and terminal deletions involving the
addition of telomeric repeat sequences at the site of the break [62, 97, 98]. As with
spontaneous telomere loss in the EJ-30 human tumor cell line, the DSB-induced sister
chromatid fusion in mouse ES cells results in the amplification of subtelomeric sequences
and translocations from other chromosomes, typical of B/F/B cycles. The sister chromatid
fusions are associated with large deletions of up to 25 kb, which differ in length on the two
sister chromatids, with 0 to 4 bps of microhomology at the recombination junctions. The
association of microhomology and large deletions with these sister chromatid fusions
suggests a mechanism involving A-NHEJ [67], consistent with other studies proposing a
role for A-NHEJ in chromosome fusions following telomere loss [17, 65].

7. The sensitivity of subtelomeric regions to DSBs
The prevalence of large deletions, sister chromatid fusions, and the addition of telomeric
repeat sequences at the site of the DSBs near telomeres in mouse ES cells suggests that
DSBs in subtelomeric regions are processed differently from DSBs at interstitial sites. None
of these events are common to DSBs generated by I-SceI at interstitial sites [93–96].
Consistent with this conclusion, a study in S. cerevisiae demonstrated that I-SceI-induced
DSBs in subtelomeric regions were much more likely to result in gross chromosome
rearrangements (GCRs) than DSBs at other locations, and that this was due to differences in
DSB repair near telomeres [99]. A similar comparison of the types of events resulting from
I-SceI-induced DSBs at interstitial and subtelomeric sites in the EJ-30 human tumor cell line
demonstrated that subtelomeric regions in mammalian cells are also sensitive to DSBs, [64].
These studies utilized two different assay systems, both with and without selection, with
nearly identical results. The frequency of small deletions of a few bps at the I-SceI site,
which are the most common type of mutation generated by I-SceI at interstitial sites [93–
96], are similar at subtelomeric and interstitial sites. However, the frequency of large
deletions and GCRs are much more frequent at subtelomeric DSBs (40–50%) than at
interstitial DSBs (5%). Moreover, Southern blot analysis demonstrated a qualitative
difference in the type of rearrangements at subtlomeric and interstitial DSBs, in that
degradation is much more extensive at DSBs near telomeres. A subsequent study found that
the subtelomeric region that is sensitive to DSBs extends at least 100 kb from a telomere
[100]. In view of the fact that there are 96 telomrees in a human cell, this represents a
significant portion of the human genome that is sensitive to DSBs. Subtelomeric regions
may therefore represent an important target for chromosome instability resulting from
exposure to ionizing radiation or other agents that produce DSBs.

Using a reporter gene for green fluorescent protein that is activated following repair of I-
SceI-induced DSBs, we have now demonstrated that the sensitivity of subtelomeric regions
to DSBs is a result of a deficiency in NHEJ [101]. A similar deficiency in NHEJ was also
observed at interstitial sites containing telomeric repeat sequences. A deficiency in NHEJ at
DSBs occurring near telomeric repeat sequences suggests that shelterin proteins may
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somehow suppress NHEJ, possibly as part of their role in preventing chromosome fusion.
There are multiple mechanisms by which telomeric proteins may suppress C-NHEJ. One
mechanism is through the suppression of ATM by TRF2 [76]. Alternatively, the suppression
of C-NHEJ could result from the fact that DSBs near telomeres are processed as though they
are the DNA at the end of a telomere [101]. TRF2 regulates MRE11 [66, 72, 73] and Apollo
[74, 75] to generate a single-stranded overhang on the leading strand on the ends of the
newly replicated telomeres. POT1/TPP1 then binds to the single-stranded overhangs,
preventing further resection and T-loop formation, and as a result, cells deficient in TPP1
and/or POT1 experience large single-stranded regions [81–84] and fusion by A-NHEJ [66].
A similar processing of subtelomeric DSBs as a result of the proximity of TRF2 might
therefore also result in the formation of single-stranded overhangs. However, because the
subtelomeric DNA is not composed of telomeric repeat sequences, POT1/TPP1 would not
bind and limit resection. As a result, resection would continue, producing large deletions,
telomere loss, and chromosome fusion by A-NHEJ, similar to that seen in cells deficient in
TPP1 or POT1. A further characterization of DNA repair near telomeres is therefore
important for understanding the mechanism of telomere loss and chromosome instability in
cancer.

8. Chromosome healing
An important observation arising from our studies on the types of events resulting from
spontaneous telomere loss or DSBs occurring near telomeres is that mammalian cells are
capable of adding telomeric repeat sequences on to the ends of broken chromosomes, a
process called chromosome healing. Chromosome healing has been extensively studied in
yeast, where it has been demonstrated to involve telomerase [102]. Chromosome healing is
known to occur in germ line cells in humans, since it is responsible for terminal deletions
resulting in human genetic disease [103–105]. However, chromosome healing has not been
observed as a result of either ionizing radiation or I-SceI-induced DSBs at interstitial sites,
even in cells that express telomerase [93–96, 106]. It was somewhat surprising therefore,
that chromosome healing is detectable as a result of spontaneous telomere loss or DSBs near
telomeres in the EJ-30 human cancer cell line and mouse ES cells. In the EJ-30 human
tumor cell line chromosome healing accounts for only about one percent of the total events
[12, 64]; however, in mouse ES cells, chromosome healing is a frequent event at DSBs near
telomeres, accounting for approximately one-third of the total events [97, 98]. As in yeast,
chromosome healing in mouse ES cells involves telomerase, as demonstrated by the fact that
it does not occur in ES cells from telomerase-knockout mice, although one ES cell clone that
had acquired the ability to maintain telomeres through a telomerase-independent mechanism
was also capable of performing chromosome healing. Unlike GCRs, which are usually
associated with extensive degradation, chromosome healing nearly always occurs at the site
of the DSB with minimal microhomology to telomeric repeat sequences [97, 98], consistent
with in vitro studies demonstrating that mammalian telomerase is capable of de novo
telomere addition with as little as a single bp of homology [107, 108]. Importantly,
chromosome healing stabilizes the chromosome that has lost its telomere, as demonstrated
by the fact that the marker chromosome is stable in subclones in which it has acquired a new
telomere [14, 62]. Chromosome healing therefore prevents degradation, sister chromatid
fusion, and B/F/B cycles, and as a result, has been hypothesized to be an important
mechanism for dealing with DSBs within NHEJ-deficient subtelomeric regions to prevent
chromosome instability [67, 97].

Chromosome healing in S. cerevisiae is inhibited by the DNA helicase PIF1 [109], which
binds to TERT, the catalytic subunit of telomerase [110]. This inhibition of chromosome
healing involves a DSB-induced phosphorylation of PIF1 by MEC1, the primary protein
involved in the response to DSBs in S. cerevisiae [111]. This inhibition of chromosome

Murnane Page 9

Mutat Res. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



healing by PIF1 has been proposed to be a mechanism for preventing chromosome healing
from interfering with DSB repair [112]. Mammals also have PIF1, which also binds to
TERT [113]. However, knockout of PIF1 has no effect on the sensitivity of mouse cells to
ionizing radiation [113], and does not affect chromosome healing near telomeres (personal
observation), suggesting that the regulation of chromosome healing is redundant in
mammalian cells [113]. It therefore remains to be determined how chromosome healing is
regulated in mammalian cells, including why chromosome healing occurs preferentially near
telomeres, and why mouse ES cells are much more proficient in chromosome healing than
the EJ-30 human tumor cell line. One possible explanation for the absence of chromosome
healing at most interstitial DSBs is that the terminal deletions resulting from chromosome
healing are lethal. However, this cannot be the only explanation for the prevalence of
chromosome healing at DSBs near telomeres. Chromosome healing was not detectable at a
DSB 100 kbps from a telomere despite the fact that Cre-mediated recombination showed
that terminal deletions were not lethal at this location [64]. The prevalence of chromosome
instability near telomeres could be a result of the inhibition of ATM by TRF2 [76], because
ATM, like MEC1 in S. cerevisiae is a critical protein involved in the mammalian response to
DSBs [114]. ATM would therefore not be activated near telomeres in response to DSBs, and
therefore would not phosphorylate PIF1 and/or other proteins involved in preventing
chromosome healing. On the other hand, the much lower frequency of chromosome healing
in the EJ-30 human tumor cell line (1%) compared to mouse ES cells (30%) in response to
DSBs near telomeres may be a result of the extensive degradation that occurs at DSBs near
telomeres in EJ-30 [62, 64, 97], since resection of DSBs has been shown to also inhibit
chromosome healing in S. cerevisiae [115].

9. Mechanism of spontaneous telomere loss
The types and proportions of DNA rearrangements that result from DSBs near telomeres in
the EJ-30 human tumor cell line are very similar to what is observed as a result of
spontaneous telomere loss, i.e., 95% of the events result in the loss of the plasmid, while
approximately 4% result in GCRs, and 1% in chromosome healing [12, 64]. This similarity
in spontaneous and I-SceI-induced events suggests that DSBs play a role in spontaneous
telomere loss. However, while sister chromatid fusion was the predominant GCR observed
with spontaneous telomere loss, DSBs near telomeres resulted in a variety of GCRs,
including sister chromatid fusions, translocations, dicentrics, and ring chromosomes. A
possible explanation for this difference is the timing of the spontaneous and I-SceI-induced
DSBs. Whereas I-SceI-induced DSBs may occur anytime in the cell cycle, and therefore
promote fusion between different chromosomes, DSBs leading to spontaneous telomere loss
may occur during DNA replication, and therefore promote the fusion of sister chromatids. I
have proposed that this increased rate of telomere loss in human cancer cells is a product of
oncogene-mediated replication stress, which results in stalled replication forks at regions of
DNA that are difficult to replicate [116]. Because stalled replication forks can collapse and
form DSBs, these regions are unstable under replication stress, and are therefore referred to
as fragile sites. Telomeres have been demonstrated to be fragile sites, both by the presence
of stalled replication forks and by the presence of aberrant telomeres in response to
aphidicolin, an inhibitor of DNA polymerase known to cause replication stress [117].
Although DSBs caused by replication stress would occur at many fragile sites, those
occurring near telomeres would be more likely to result in chromosome instability due to the
deficiency in DSB repair in subtelomeric regions. In addition, the low efficiency of
chromosome healing near telomeres in human cancer cells could also contribute to this
chromosome instability. Additional research on the factors promoting telomere loss, or
factors or pathways involved in the regulation of chromosome healing, is therefore critical to
our understanding and possibly intervention in this important pathway for chromosome
instability in human cancer.
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10. Future directions
The above studies leave little doubt that telomere loss, either during crisis or after the
expression of telomerase, contributes to the chromosome instability leading to human
cancer. However, much remains to be determined regarding the mechanisms involved in
telomere loss and the chromosome instability that results. A primary focus of future studies
will be to exploit this knowledge for anti-cancer therapy. Preventing chromosome instability
resulting from telomere loss could serve to prevent genetic alterations leading to tumor cell
progression and the development of resistance in cancer cells to anti-cancer therapies. One
approach would be to somehow prevent or limit telomere loss a in cancer cells and thereby
inhibit chromosome instability, although how this might be accomplished is not immediately
clear. A second approach would be to inhibit the chromosome instability resulting from
telomere loss. In this case, chromosome healing provides an excellent resource in that it can
stabilize chromosomes that have lost a telomere. In view of the inefficient chromosome
healing in the EJ-30 tumor cell line, promoting chromosome healing in human cancers could
dramatically curtail chromosome instability resulting from telomere loss. This approach will
require understanding how chromosome healing is regulated and why it is so inefficient in
human cancer cells. Promoting chromosome healing could also lead to selective
sensitization of human cancer cells to ionizing radiation by inhibiting DSB repair, since
interfering with the regulation of chromosome healing would not affect DSB repair in
normal somatic cells that are not be capable of chromosome healing due to insufficient
telomerase activity.

Acknowledgments
This work was supported by National Institutes of Health grant CA120205.

Abbreviations

A-NHEJ alternative nonhomologous end joining

B/F/B breakage/fusion/bridge

C-NHEJ classical nonhomologous end joining
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Fig. 1. Chromosome instability involving B/F/B cycles
B/F/B cycles are initiated when sister chromatids fuse following the replication of a
chromosome that has lost a telomere. Due to the presence of two centromeres, the
chromosome then forms a bridge during anaphase, which breaks when the centromeres are
pulled in opposite directions during cell division. Breakage occurs at locations other than the
site of fusion, resulting in large inverted repeats on the end of the chromosome in one
daughter cell and a terminal deletion on the end of the chromosome in the other daughter
cell. Because the chromosomes are missing a telomere in the next cell cycle, they will fuse
again, resulting in further amplification of subtelomeric DNA on the chromosome
containing the inverted repeat. Subsequent fusions on the chromosome containing the
terminal deletion can also result in amplification of sequences far from original end of the
chromosome. The B/F/B cycles will continue until the chromosome acquires a new
telomere, most often by translocation. The telomeres (gray squares), centromeres (circles),
and orientation of the subtelomeric sequences (horizontal arrows) are shown.
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Fig. 2. Mechanisms of chromosome fusion
(A) C-NHEJ is the most prominent mechanism of DSB repair in mammalian cells. C-NHEJ
involves the direct rejoining of DSBs with minimal processing, utilizing a variety of well
characterized proteins, including Ku70, Ku80, DNA-PKcs, LIG4, and XRCC4. C-NHEJ is
involved in fusion of chromosomes as a result of a deficiency in TRF2. (B) A-NHEJ can
also perform direct rejoining of DBS, although it commonly involves resection of 5′ ends
and often utilizes 4 bps or less of microhomology to facilitate repair. A-NHEJ is associated
with large deletions and chromosome rearrangements, and has been reported to utilize a
variety of proteins, including PARP-1, MRE11, CtIP, and LIG3. A-NHEJ has been proposes
as a major pathway of chromosome fusion following telomere loss in mammalian cells. (C)
SSA is similar to A-NHEJ in requiring extensive resection of the 5′ stand to generate long
single-stranded tails. However, SSA requires long complementary regions for end joining.
(D) Intrastrand annealing involves resection of the end of an unprotected DNA end and the
pairing of complementary sequences of short inverted repeats (4 to 12 bps). Long inverted
repeats may also promote chromosome fusion by formation of hairpins or by promoting
replication template switching. The role of short and long inverted repeats in chromosome
fusion in mammalian cells is not known.
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