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Abstract
We previously reported that a single DNA double-strand break (DSB) near a telomere in mouse
embryonic stem cells can result in chromosome instability. We have observed this same type of
instability as a result of spontaneous telomere loss in human tumor cell lines, suggesting that a
deficiency in the repair of DSBs near telomeres has a role in chromosome instability in human cancer.
We have now investigated the frequency of the chromosome instability resulting from DSBs near
telomeres in the EJ-30 human bladder carcinoma cell line to determine whether subtelomeric regions
are sensitive to DSBs, as previously reported in yeast. These studies involved determining the
frequency of large deletions, chromosome rearrangements, and chromosome instability resulting
from I-SceI endonuclease-induced DSBs at interstitial and telomeric sites. As an internal control, we
also analyzed the frequency of small deletions, which have been shown to be the most common type
of mutation resulting from I-SceI-induced DSBs at interstitial sites. The results demonstrate that
although the frequency of small deletions is similar at interstitial and telomeric DSBs, the frequency
of large deletions and chromosome rearrangements is much greater at telomeric DSBs. DSB-induced
chromosome rearrangements at telomeric sites also resulted in prolonged periods of chromosome
instability. Telomeric regions in mammalian cells are therefore highly sensitive to DSBs, suggesting
that spontaneous or ionizing radiation-induced DSBs at these locations may be responsible for many
of the chromosome rearrangements that are associated with human cancer.
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1. Introduction
Telomeres are DNA-protein complexes containing short TTAGGG repeat sequences that are
added on to the ends of chromosomes by the enzyme telomerase [1–3]. Telomeres serve a
critical function in preventing the ends of chromosomes from appearing as DNA double-strand
breaks (DSBs) and preventing fusion. In mammals, telomeres are maintained in germ line cells
but undergo age-related shortening in somatic cells due to insufficient telomerase activity,
which is associated with cell senescence [4]. Cell senescence is initiated when a telomere
shortens to the point that it is recognized as a DSB [5]. Human cells that lose the ability to
senesce continue to show telomere shortening and eventually enter crisis, which involves
increased chromosome fusion, aneuploidy, and cell death [6,7]. Thus, it has been proposed that
an important step in carcinogenesis is for cells to regain the ability to maintain telomeres, not
only to avoid senescence, but also to avoid the extensive chromosome fusion during crisis [4,
6]. Consistent with this hypothesis, most tumors demonstrate telomerase activity [8,9],
although tumors maintaining telomeres through an alternative mechanism are also observed
[10].

In addition to gradual shortening in aging cells, loss of telomere function can occur as a result
of altered expression of proteins involved in telomere maintenance or as a result of DNA
damage within telomeres or subtelomeric regions [11]. Telomere loss combined with defects
in cell cycle checkpoints can result in continued growth of cells with gross chromosomal
rearrangements (GCRs) and chromosome instability, which can occur through DNA
degradation or breakage/fusion/bridge (B/F/B) cycles [12]. B/F/B cycles are initiated when the
broken ends of chromosomes or sister chromatids fuse, form a bridge during anaphase, and
then break when the centromeres are pulled in opposite directions during cytokinesis. Because
the broken chromosomes in the daughter cells lack a telomere, they will again fuse and continue
to undergo B/F/B cycles in subsequent generations, leading to additional DNA rearrangements.
B/F/B cycles continue until the chromosomes acquire a new telomere, which can occur through
a variety of mechanisms [13]. One of the most common mechanisms for telomere acquisition
is through nonreciprocal translocation, which can transfer the instability onto the chromosome
donating the translocation. As a result, the loss of a single telomere can result in the instability
of multiple chromosomes [12].

Telomere loss has been demonstrated to play a role in the chromosomal rearrangements
associated with cancer [14]. This relationship between telomere loss and cancer is illustrated
by the fact that mice deficient in both telomerase and p53 have a high incidence of human-like
cancers, with the tumor cells from these mice showing chromosome rearrangements typical of
B/F/B cycles [15]. In preneoplastic lesions of colon cancer, telomere shortening has been
observed and is correlated with DNA damage response and telomeric protein down-regulation
[16]. In addition, early passage human tumor cell lines and tumors have also been shown to
have high rates of spontaneous telomere loss and chromosome fusions [17–20]. The telomere
loss in cancer cells can occur during crisis when telomeres become critically short in cells that
do not express telomerase. However, we have also demonstrated that tumor cell lines that
express telomerase can continue to have high rates of spontaneous telomere loss and prolonged
instability associated with B/F/B cycles [21]. One possible mechanism by which spontaneous
telomere loss in cancer cells could occur is through oncogene-driven replication stress, which
results in stalled replication forks and DSBs at regions that pose problems for DNA replication
[22,23]. DSBs occurring near telomeres may be especially sensitive to replication stress,
because studies in yeast have shown that replication forks stall near telomeres [24]. Moreover,
subtelomeric regions in yeast have also been shown to be defective in repair of I-SceI-induced
DSBs by nonhomologous end joining (NHEJ), which leads to GCRs [25]. Thus, although
replication stress would result in DSBs at multiple sites, the DSBs occurring at telomeres would
be especially prone to generating chromosome instability. [13]
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To investigate the role of sensitivity of subtelomeric regions to DSBs in telomere loss and
chromosome instability in cancer cells, we have studied the consequences of DSBs near
telomeres in the EJ-30 human tumor cell line. These studies utilize clones of EJ-30 that contain
plasmid sequences containing selectable marker genes and an 18 base pair recognition site for
the I-SceI endonuclease that are integrated adjacent to a telomere. Because the I-SceI
recognition site is not found in the mammalian genome, it has been used extensively to study
mechanisms of recombination and repair in mammalian cells [26–32]. EJ-30 is ideal for these
studies, because we have previously demonstrated that spontaneous telomere loss in this cell
line results in both chromosome healing and sister chromatid fusions [13,21], which have not
been observed at DSBs at interstitial sites [Honma, 2007 #2802; Rebuzzini, 2005 #2793;
Sargent, 1997 #1658; Varga, 2005 #2963]. The relationship between DSB-induced
chromosome rearrangements and spontaneous rearrangements in cancer cells can therefore be
established. The analysis of I-SceI-induced events has the advantage that unlike spontaneous
events, the location of the DSB is known and therefore the extent of DNA degradation relative
to the GCRs can be determined. We previously reported that I-SceI-induced DSBs near
telomeres can lead to chromosome instability in mouse embryonic stem (ES) cells [33].
However, we were unable to determine the relative frequency of the DSB-induced chromosome
instability because of the low frequency of DSBs that were produced using transient expression
of I-SceI endonuclease. To increase the efficiency of generating DSBs with I-SceI, in the
present study we have constitutively expressed the I-SceI endonuclease in the EJ-30 human
tumor cell line. The relative frequency of large deletions and GCRs at I-SceI sites was then
compared to the frequency of small deletions at both interstitial and telomeric I-SceI sites.
Small deletions were used as an internal control to monitor the efficiency of generating DSBs
at the different locations, because they are the most common I-SceI-induced DNA
rearrangement at interstitial sites in mammalian cells, while GCR are relatively rare [29–32].
The results provide definitive evidence for the sensitivity of subtelomeric regions to DSBs in
the EJ-30 human tumor cell line.

2. Materials and Methods
2.1. Cell lines and culture conditions

All cell clones used in this study were derived from the EJ-30 human bladder cell carcinoma
cell line (obtained from Dr. William Dewey, UCSF), which was subcloned from the EJ cell
line that is also called MGH-U1 [34]. The cell clones were grown in αMEM (UCSF Cell Culture
Facility) supplemented with 5% fetal calf serum (Invitrogen-Gibco), 5% newborn calf serum
with iron (Invitrogen-Gibco), 1 mM L-glutamine (Invitrogen-Gibco), and Gentamicin
(Invitrogen-Gibco). Cells were propagated at 37°C in humidified incubators.

2.2. Plasmids
The pNCT-tel plasmid has been described previously [21]. pNCT-tel contains an ampicillin-
resistance gene (amp) for selection in bacterial cells, a neomycin-resistance gene (neo), the
Herpes Simplex Virus Thymidine Kinase (HSV-tk) gene under the control of a cytomegalo
virus (CMV) promotor, and 0.8 kb of telomeric repeats. pNCT-tel also contains an I-Sce1
endonuclease recognition site between the neo and the HSV-tk genes for the generations of
DSBs.

The pNTIL-tel plasmid is identical to pNCT-tel except for the fact that the I-SceI site is located
within the 5' end of the HSV-tk coding sequence. pNTIL-tel was made by first removing the
I-SceI site from pNCT-tel by digesting with I-SceI endonuclease, removing the 4 bp overhang
with DNA polymerase, and re-ligation. The new I-SceI site was then inserted in frame by site-
directed mutagenesis using the Gene Tailor kit (Invitrogen) at a location 18 amino acids from
downstream from the first methionine. The oligonucleotide linker inserted at this site consisted
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of annealed primers 5'-
CGTTCGACCAGGCTGCGCGTAGGGATAACAGGGTAATTATTCGACGTACGGC-3
' and 5'-ACGCGCAGCCTGGTCGAACGCAGACGCGTG-3' bearing the new I-SceI site
(bold). In addition to the I-SceI recognition site, a thymidine was removed just prior to the I-
SceI site to avoid in-frame stop codons in the I-SceI site, and the addition of a thymidine was
added immediately after the I-SceI site to restore the reading frame.

The insertion of the I-SceI site in the HSV-tk gene in pNTIL-tel was meant to enable us to
detect both small deletions and GCRs using ganciclovir selection for the loss of HSV-tk
function. Because the first 33 amino acids of HSV-tk are not required for its activity [35] it
was thought that the insertion of the I-SceI site would not affect HSV-tk activity. However,
this was not the case, as cells that contain the pNTIL-tel plasmid show only a limited sensitivity
to ganciclovir. In addition, small deletions were not detectable using pNTIL-tel, apparently
because truncated forms of HSV-tk that initiate translation from the 2nd or 3rd methionine are
also functional [36,37]. As a result, pNTIL-tel was used in our studies only to confirm the
results obtained with pNCT-tel.

The pQCXIP-ISce1 plasmid was used for the expression of the I-Sce1 endonuclease by viral
infection. pQCXIP-ISce1 was prepared by cloning an EcoRI fragment containing the I-Sce1
gene from the pCBASce expression vector [28] into an EcoRI site in the pQCXIP retrovirus
vector (Invitrogen). The plasmid contains an internal ribosome entry site to allow for expression
of the genes for puromycin (puro) resistance and I-Sce1 endonuclease from the same promoter.

2.3. Virus preparation
Packaging of the pQCXIP control and pQCXIP-ISceI retroviral vectors was performed using
Amphoteric 293 (A293) cells (Invitrogen). Packaging involved plating 5×106 293A cells the
day before on collagen-coated 100 mm tissue culture plates (BD Biocoat). For each plate, 20
μg of plasmid was added to 1.25 ml of OptiMEM (Invitrogen), and 75 μl of Lipfectamine 2000
(Invitrogen) was added to 1.25 ml of OptiMEM. The two solutions were then mixed together,
allowed to sit at room temperature for 20 minutes, and the mixture was added to the 10 ml of
culture medium without antibiotics that was already on the plate. After 8 hours, the transfection
medium was removed and replaced with EJ-30 growth medium. The medium was harvested
from the infected A293 cells after 40, 48, 64, and 72 hours, and was filtered using a non-protein
binding Puradisc filter (Whatman) and frozen at −80°C.

2.4. Selection of cells with constitutive expression of I-Sce1
The infection of cells with the pQCXIP-ISceI retrovirus or control pQCXIP retrovirus was
performed using T-75 flasks that were 50% confluent. The cells were incubated with a mixture
of 5 ml of virus-containing medium, 5 ml of EJ-30 growth medium, and 8 μg/ml polybrene
(Sigma). After 24 hours, the medium was removed and replaced with EJ-30 growth medium,
and the cells were incubated for another 24 hours. The selection for infected cells was then
achieved through addition of growth medium containing 2 μg/ml puromycin (Sigma). The cells
were then cultured for 10 days in medium containing puromycin, with medium changes every
2 days, to allow for expression of I-SceI endonuclease and the generation of DSBs. After 10
days, the cells were trypsinized, pooled together, and replated into T-75 tissue culture flasks.
The pooled cells were then either used for preparation of genomic DNA for analysis of small
deletions by PCR, or replated again as single cells in medium with or without selection for
analysis of large deletions or GCRs. Replating was necessary for analysis of large deletions or
GCRs, because the initial puror colonies contain mixtures of rearrangements as a result of the
relatively slow rate of cutting of the I-SceI endonuclease in the infected cells. The analysis of
the consequences of I-SceI-induced DSBs in our studies was performed 10 days after viral
infection, because our preliminary studies using PCR and ganciclovir selection demonstrated
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that the percentage of cells with small deletions and ganciclovir resistance remained constant
6 to 10 days after infection (data not shown).

2.5. Selection of cells with GCRs and large deletions
The frequency of cells with loss of function of the HSV-tk gene was performed by plating the
virally-infected puror cell populations in medium containing 50 μM ganciclovir. Selection was
performed by plating 100 mm tissue culture dishes with 100 cells per dish and 1000 cells per
dish in triplicate. As controls, the cells were also plated in dishes containing growth medium
without ganciclovir. In some instances, selection was also performed in medium containing
both 50 μM ganciclovir and 400 μg/ml G418 to select for cells that had inactivated the HSV-
tk gene, but retained the neo gene. After 2 weeks, the colonies were fixed, stained, and counted.
The percentage of Ganr cells was then determined by dividing the number of colonies in the
selective medium by the number of colonies in the regular growth medium, and multiplying
by 100. Standard deviations were obtained from a total of three independent experiments.

2.6. Analysis of small deletions by digestion of PCR products with I-SceI
Small deletions were analyzed by digesting PCR products spanning the I-SceI site with the I-
SceI endonuclease. Long PCR was performed on genomic DNA isolated from either the pooled
virally-infected puror cell cultures, or individual subclones selected at random from the pooled
puror cultures. Long PCR was performed using the Elongase PCR kit (Invitrogen) as described
by the manufacturer. PCR involved 94°C for 30 seconds, then 35 cycles of 94°C for 30 seconds,
57°C for 30 seconds, and 68°C for 105 seconds. Long PCR for EJ-30 clones containing the
pNCT-tel plasmid was performed using primers OZNEO1
AAAAGCGGCCATTTTCCACCA and OZCMV1 TGCCTCACGACCAACTTCTGC. Long
PCR for EJ-30 clones containing the pNTIL-tel plasmid was performed using primers CMV1-
F TATATGGAGTTCCGCGTTACA and TK1-R GTTTGGCCAAGACGTCCAAG. 25 μl of
the PCR product was then digested with 20 units of I-SceI endonuclease at 37°C overnight,
and the products were run on 1% agarose gels. After staining with ethidium bromide, digital
images were analyzed using free ImageJ software
(http://www.versiontracker.com/dyn/moreinfo/macosx/37303) to calculate the intensity of the
bands. The percent of cells containing small deletions at the I-SceI site was determined by
dividing the area of the uncut band by the combined total area of the cut and uncut bands.

PCR for chromosome healing in EJ-30 clones A4 and B3 containing the pNCT-tel plasmid
was performed as previously described, using one primer specific for the plasmid sequences
and one primer specific for telomeric repeat sequences [38]. Direct DNA sequencing of the
PCR product containing the site of chromosome healing using the NEOZ-F primer
AGACAAGCGGCTGTCTGATG was performed by MCLAB (South San Francisco).

2.7. Selection of individual subclones for analysis of DNA rearrangements
Individual subclones were isolated to analyze the nature of the I-SceI-induced DNA
rearrangements. Individual colonies generated from the puror populations of cells infected with
pQCXIP or pQCXIP-ISceI were isolated by ring cloning. Ring cloning was performed by first
washing the plates with Saline A buffer (1.4 M NaCL, 0.05 M KCl), placing an 8×8 mm cloning
cylinder (Fisher Scientific) with silicone grease on its lower edge over a colony, and addition
of trypsin to the cylinder (UCSF Cell Culture Facility). After 4 minutes in trypsin, the cells in
each colony were pipeted up and down, and transferred to a 12 well tissue culture dish
containing growth medium. The resulting subclones were later expanded into T-75 cell culture
flasks for preparation of genomic DNA.
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2.8. Southern blot analysis and plasmid rescue for analysis of large deletions and GCRs
Southern blot analysis of genomic DNA from the individual Ganr or randomly-selected
subclones was performed following digestion with HindIII as previously described [38].
Plasmid rescue for analysis of DNA rearrangements in A4 subclones was performed as
previously described [33,38] following digestion of genomic DNA with the XbaI and AccI
restriction enzymes for A4 and B3, respectively. Briefly, the genomic DNA was digested with
the restriction enzyme, the DNA was circularized by ligation at a dilute concentration of 1
μg/ml overnight at 16°C, re-concentrated to 50 μl using sequential Ultra-4/Microcon 30,000
MWCO spin filters (Millipore), and then used to transform STBL2 bacteria (Invitrogen). The
selection for cells containing the plasmid was performed using ampicillin, and the rescued
plasmids were mapped with restriction enzymes and sequenced using various primers specific
for the plasmid DNA.

2.9. Cytogenetic analysis by FISH
The preparation of chromosomes and cytogenetic analysis by FISH was performed as
previously described [13]. FISH was performed in 5 sequential steps, consisting of 1) the
protein nucleic acid (PNA) telomeric probe, 2), the subtelomeric probes for chromosome 16,
3) the cosmid probes located adjacent to the integration site, 4) the M-FISH chromosome
painting probe, and 5) the subtelomeric probes for other chromosomes. Telomere analysis using
PNA probes labeled with Cy3 (Perseptive Biosystems) was performed as previously described
[39]. M-FISH was performed using multi-FISH probes (MetaSystems, GmbH) according to
the manufacturer's recommendations. The RT99 (Genebank accession No. AC004653) and
317H7 (Genebank accession No. AC005569) cosmid clones that were used as probes have
been mapped to the end of chromosome 16p [40]. These cosmids were isolated from partially-
digested DNA libraries made from flow-sorted human chromosome 16 [41]. The subtelomeric
BAC probes (Cytocell) were hybridized according to manufacturer's protocol. The
subtelomeric BAC clones for chromosome16 consisted of GS-121-I4, which is located a
maximum of 160 kb from the telomere on the short arm, and GS-240-G10, which is located a
maximum of 200 kb from the telomere on 16q [42]. Images of hybridized metaphases were
captured with a CCD camera (Zeiss) coupled to a Zeiss Axioplan microscope and were
processed with ISIS software (MetaSystems, GmbH). Probes for each subtelomeric region
were obtained from Cytocell, and hybridizations were performed according to the
manufacturer's recommendations.

3. Results
3.1. Generation of cell clones containing telomeric and interstitial I-SceI sites

The EJ-30 human tumor cell clones used in these studies contain the pNCT-tel or pNTIL-tel
plasmids that are integrated at either interstitial or telomeric locations. Both plasmids contain
a neo for positive selection in G418, an HSV-tk gene for negative selection in ganciclovir, and
an I-SceI recognition site for introducing DSBs (Fig. 1). The I-SceI site in pNTC-tel is located
between the neo and HSV-tk genes, while the I-SceI site in pNTIL-tel is located at the 5' end
of the HSV-tk coding sequence. Prior to transfection, the plasmids were linearized with NotI
to place the telomeric repeat sequences on one end. Following transfection, colonies resistant
to G418 were selected at random and analyzed by Southern blot analysis. At some integration
sites, the telomeric repeat sequences seeded the formation of a new telomere, positioning the
plasmid at the new end of a chromosome [43,44]. However, the plasmids also commonly
undergo rearrangements that result in the loss of the telomeric plasmid sequences, and then
integrate at interstitial sites within chromosomes [45]. The presence of a plasmid integrated at
a telomere is easily identified by Southern blot analysis by the presence of a diffuse band
containing the telomeric repeat sequences, which vary in length in different cells in the
population [21,46,47]. Telomeric integration sites were then confirmed by sensitivity to
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BAL31 exonuclease, which is a well-established method for detection of terminal restriction
fragments located at the ends of chromosomes [21,44].

Three EJ-30 clones containing telomeric plasmid integration sites were used in this study, A4,
B3 and I33. Two of these clones, A4 and B3, contain a single unrearranged copy of the pNCT-
tel plasmid and have been previously described [21]. The telomeric plasmid in clone B3 has
been shown to be located near the original end of chromosome 16p, both by FISH and by rescue
of the plasmid and adjacent cellular DNA [21]. The third clone with a telomeric integration
site, I33, which was isolated for the present study, was demonstrated by Southern blot analysis
to contain a single copy of the pNTIL-tel plasmid located at a telomere (Fig. 2).

EJ-30 clones containing the same plasmids integrated at random interstitial sites were used as
controls, including ΔB1 and ΔE2, which were transfected with the pNCTΔ plasmid, and ΔI27,
which was transfected with the pNTIL-tel plasmid. The pNCTΔ plasmid is the same as pNCT-
tel, except that it lacks the telomeric repeat sequences. Each of the clones was screened for
sensitivity to ganciclovir to insure that the HSV-tk gene was intact, and Southern blot analysis
was performed to eliminate clones containing multiple copies of the plasmid (Fig. 2). The
number of plasmid integration sites was determined by digestion of the genomic DNA with
XbaI, which cuts once in the center of these plasmids, and will therefore produce two bands
for each integration site.

3.2. Selection of cells with constitutive expression of I-SceI endonuclease
Constitutive expression of I-SceI endonuclease was used to maximize the efficiency of cutting
at the I-SceI site. A retroviral vector approach was chosen because it avoids the harsh conditions
associated with DNA transfection and the introduction of large amounts of transfected DNA
into cells. The retrovirus vector containing the I-SceI gene used in our studies, pQCXIP-ISceI,
contains the puro gene, and therefore selection of cells with the integrated I-SceI gene was
performed using puromycin. Virtually all of the puromycin-resistant (puror) cells that contain
the pQCXIP-ISceI retrovirus should also express the I-SceI gene, because both the puro and
I-SceI genes are in this vector expressed from the same promoter.

3.3. The analysis of the frequency of large deletions and GCRs using ganciclovir selection
The influence of DSBs on large deletions and GCRs at the interstitial and telomeric I-SceI sites
was analyzed by plating the pooled puror populations of cells infected with the pQCXIP-ISceI
retrovirus in medium containing 50 μM ganciclovir. Growth in medium containing ganciclovir
selects for cells that have lost the function of the HSV-tk gene [48,49]. The generation of
ganciclovir-resistant (Ganr) cells from clones containing the pNCT-tel plasmid requires the
deletion of at least 226 bps in one direction, which is the distance to the enhancer sequences
in CMV promoter for the HSV-tk gene [50]. As seen in Fig. 3, following infection with the
pQCXIP-ISceI retrovirus, clones A4 and B3 with telomeric I-SceI sites had a much higher
frequency of Ganr colonies than clones ΔE2 and ΔB1 with interstitial I-SceI sites,
demonstrating that DSBs at telomeric sites are far more likely to result in large deletions or
GCRs than DSBs at interstitial sites. Control cultures consisting of pooled puror populations
of these clones infected with the pQCXIP retrovirus had a much lower frequency of Ganr

colonies (<1%), consistent with our earlier studies demonstrating that spontaneous Ganr cells
in EJ-30 clones occur at a rate of 10−4 events/cell/generation [21].

Inactivation of the HSV-tk gene in cells containing the pNTIL-tel plasmid would require
deletions that extend at least 76 bps from the I-SceI site, which is the distance to the alternative
methionine start site within the HSV-tk gene [36,37]. However, quantitative studies on the
frequency of inactivation of the HSV-tk gene in the I33 and ΔI27 clones using ganciclovir
resistance was not possible, because the insertion of the I-SceI site at the 5' end of the HSV-tk

Zschenker et al. Page 7

DNA Repair (Amst). Author manuscript; available in PMC 2010 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gene severely reduced the sensitivity of the cells to ganciclovir. Selection for cells containing
large deletions and GCRs for qualitative analysis could be achieved at a much higher
concentration of 200 μM ganciclovir (see below), however, at this higher concentration most
cells that do not contain the HSV-tk gene also die.

3.4. The analysis of DSB-induced DNA rearrangements using ganciclovir selection
We next compared the types of rearrangements resulting from telomeric and interstitial DSBs
in the individual Ganr subclones by Southern blot analysis. The Ganr subclones isolated from
clone ΔE2 with an interstitial I-SceI site nearly all show loss of the original band containing
the neo gene, which is the fragment containing the I-SceI site (Fig. 4). In its place, most clones
show a new band that varies in size, demonstrating that rearrangements had occurred. Only a
few Ganr ΔE2 subclones showed the complete loss of the integrated plasmid sequences, i.e.,
showed no plasmid specific bands. Similar results were observed with the Ganr subclones
isolated from clone ΔI27, which contains the pNTIL-tel plasmid integrated at an interstitial
site. Although not quantitative due to selection with 200 μM ganciclovir, the Ganr subclones
of ΔI27 that survived all show changes in the size of the band containing the HSV-tk gene,
which is the fragment containing the I-SceI site (Fig. 4). As with clone ΔE2, few of the Ganr

ΔI27 subclones showed complete loss of the integrated plasmid sequences.

In contrast to the clones with interstitial I-SceI sites, the most common event in the Ganr

subclones of clone B3 with a telomeric I-SceI site was the complete loss of the integrated
plasmid sequences (Fig. 4). Approximately 9 in 10 Ganr subclones isolated from clone B3
contained rearrangements that involved the complete loss of the plasmid-specific bands.
Similar results were observed with the Ganr subclones isolated from clone I33, which contains
the pNTIL-tel plasmid integrated at a telomere (Fig. 4). Therefore, in addition to a quantitative
difference in the frequency of Ganr cells, there is also a qualitative difference in the types of
rearrangements that occur at DSBs at interstitial and telomeric sites. As a result, the frequency
of cells in the population that experience complete loss of the plasmid sequences is
approximately 100-fold higher as a result of DSBs within subtelomeric regions. This difference
is not limited to I-SceI-induced DSBs, because the complete loss of the integrated plasmid
sequences is also the most frequent event observed in spontaneous Ganr subclones isolated
from clone B3 [21].

3.5. The analysis of small deletions at the I-SceI site using PCR
We next compared the frequency of small deletions at the I-SceI site in the pooled puror

populations of the various clones infected with the pQCXIP-ISceI retrovirus. This approach
involves the amplification of a 1.8 kb region spanning the I-SceI site by long PCR, followed
by digestion of the PCR product with I-SceI endonuclease. Using this approach, small deletions
result in a full-sized PCR product that is not cut by the I-SceI endonuclease. Large deletions
and large insertions would generate detectably smaller or larger PCR products, respectively,
or no PCR product if one or both primer sites are lost. Similarly, cells with GCRs at the I-
SceI site would also not generate a PCR product. The percent of cells in the population that
have lost the I-SceI site can therefore be calculated from the fraction of DNA in the uncut band
compared to the total DNA in the cut and uncut bands.

Digestion of the PCR products with I-SceI showed that all of the clones contained a significant
fraction of uncut full-length PCR product, demonstrating the presence of small deletions at the
I-SceI site (Fig. 5). In contrast, all of PCR product generated from the pooled puror populations
of the same clones infected with the control pQCXIP retrovirus was cut by I-SceI. A comparison
of the percentage of uncut PCR product generated from the pooled puror populations showed
that there was consistently more uncut PCR product in the A4, B3 and I33 clones containing
the telomeric I-SceI sites than in the ΔB1, ΔE2 and ΔI27 clones containing interstitial I-SceI
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sites (Fig. 5, Table 1). Based on these results, the frequency of small deletions would at first
appear to be somewhat greater in the clones with telomeric I-SceI sites. However, these results
must first be corrected for the frequency of cells in the population that are resistant to
ganciclovir, since nearly all Ganr cells have large deletions that result in complete loss of the
integrated plasmid sequences. The lack of a PCR product from cells with large deletions or
GCRs would result in a corresponding overestimation of the frequency of small deletions in
the cell population. The correction of the percent of PCR product digested with I-SceI for the
fraction of Ganr cells in the pooled puror populations (1 – fraction of Ganr cells) demonstrates
that the percentage of cells with small deletions is similar in the clones with telomeric and
interstitial I-SceI sites (Table 1). We were not able to estimate the fraction of Ganr cells in the
ΔI27 and I33 clones containing the pNTIL-tel plasmid due to their limited sensitivity to
ganciclovir. The correction for the fraction of cells that have lost the plasmid sequences in
these clones was therefore based on PCR analysis of individual subclones selected from the
puror population (see below). The corrected values for the percentage of small deletions in
these clones is similar to the percentage of small deletions in the clones containing the pNCT-
tel plasmid (Table 1).

3.6. The analysis DSB-induced rearrangements in subclones isolated without ganciclovir
selection

We next analyzed the types of rearrangements in individual subclones picked at random
without ganciclovir selection after replating puror populations of clones ΔI27 and I33 infected
with either the pQCXIP or pQCXIP-ISceI retroviruses. This approach allowed us to extend
our analysis to determine the presence of large deletions or GCRs in puror populations of clones
ΔI27 and I33, which we were not able to determine by ganciclovir selection due to their limited
sensitivity. In addition, the analysis of the types of rearrangements in these random subclones
allowed us to validate our assays, which are based on the digestion of the PCR product with
I-SceI for small deletions and ganciclovir selection for large deletions/GCRs. To select random
subclones, the pooled puror cells infected with either pQCXIP or pQCXIP-ISceI were replated
in medium without ganciclovir. Individual colonies were then selected and the subclones were
analyzed for the presence of the integrated plasmid sequences by PCR using the same primers
used previously to analyze the pooled puror populations. Subclones with no PCR product were
considered to have large deletions or GCR, as was confirmed by Southern blot analysis (see
below). Subclones with PCR products similar in size to untreated controls were considered to
be unrearranged or contain small deletions or insertions, while those with PCR fragments that
were smaller or larger than controls were considered to have intermediate-sized deletions or
insertions, respectively. To identify small deletions, the PCR products were tested for the
presence of the intact I-SceI site by digestion with I-SceI endonuclease, as performed earlier
with the pooled puror populations (see Fig. 5). Sequence analysis of PCR fragments that did
not digest with I-SceI confirmed the presence of small deletions (data not shown), typical of
those previously observed at I-SceI sites in mammalian cells [29–32].

The combined results demonstrate that the percentage of small deletions (PCR products that
do not cut with I-SceI) generated by I-SceI is similar in the random ΔI27 and I33 subclones,
while the percentage of large deletions/GCRs (no PCR product) is much higher in the random
I33 subclones (Fig. 6A). The increased percentage of large deletions/GCRs in the random I33
subclones is consistent with the increased percentage of Ganr cells in the pooled puror

populations of the EJ-30 clones with telomeric I-SceI sites compared to the clones with
interstitial I-SceI sites (see Fig. 3). The similar percentage of small deletions in the random
ΔI27 and I33 subclones is also consistent with the results from the PCR analysis of the pooled
puror populations of the EJ-30 clones with telomeric and interstitial I-SceI sites (Table 1). The
analysis of the individual puror subclones selected at random without ganciclovir selection
therefore confirms that the analysis of the pooled puror cells by PCR/I-SceI digestion accurately
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reflects the frequency of cells in the population with small deletions when an adjustment is
made for the frequency of Ganr cells. Similarly, the analysis of the random puror subclones
confirms that the frequency of Ganr cells in the pooled puror populations accurately reflects
the frequency of cells with large deletions and/or GCRs.

Southern blot analysis was performed on genomic DNA from the random ΔI27 and I33
subclones that did not produce a PCR product to determine the nature of the rearrangements
that were present. The results are consistent with the analysis of rearrangements in the Ganr

subclones isolated from the pooled puror populations of these clones (see Fig. 4). All 5 of the
random subclones of ΔI27 that did not generate a PCR product contained new plasmid-specific
bands that varied in size (Fig. 6B), while nearly all of the random subclones of I33 that did not
generate PCR bands showed no plasmid-specific bands demonstrating the loss of the plasmid
sequences (Fig. 6C). Selection with ganciclovir therefore accurately reflects the frequency of
large deletions and GCRs in the pooled puror populations of the EJ-30 clones infected with the
pQCXIP-ISceI retrovirus.

3.7. The analysis of DSB-induced DNA rearrangements in Ganr/G418r subclones
The types of DNA rearrangements resulting from DSBs near telomeres are difficult to analyze
in subclones selected with ganciclovir, because most Ganr subclones have completely lost the
telomeric plasmid sequences. We therefore performed selection with both ganciclovir and
G418 to isolate subclones that have retained the portion of the plasmid containing the neo gene.
Including G418 during selection results in far fewer colonies, since only approximately 1 in
20 Ganr cells is also resistant to G418, i.e., Ganr/G418r. The retention of some portion of the
integrated plasmid in these subclones allows for analysis of the rearrangements by Southern
blot analysis and plasmid rescue. Southern blot analysis of Ganr/G418r subclones of clones A4
and B3 demonstrated a variety of new bands of different sizes (Fig. 7). In some subclones, the
new bands were highly diffuse (A4 subclones GGR1, GGR3, and GGR6; B3 subclone GGR3),
typical of the new bands that resulted from chromosome healing following spontaneous
telomere loss in EJ-30 clone B3 [21]. As in our earlier studies with mouse ES cells [38,51],
confirmation of chromosome healing in these subclones was performed by PCR, using one
primer with homology to the plasmid sequences adjacent to the I-SceI site and one primer with
homology to the telomeric repeat sequences (data not shown). DNA sequence analysis of the
resulting PCR products demonstrated that the telomeric repeat sequences were added directly
at the site of the break (data not shown), as previously reported for mouse ES cells [38,51].
The frequency of chromosome healing in the Ganr/G418r subclones was 9 of 35 for A4 (26%),
and 12 of 43 for B3 (28%). Chromosome healing in the human EJ-30 tumor cell line is therefore
less frequent than in mouse ES cells, in which chromosome healing was observed in 60% of
the Ganr/G418r subclones [38].

3.8. The characterization of recombination junctions involved in the formation of GCRs
We next analyzed the DNA found at the recombination junctions in 5 Ganr/G418r subclones
of clone A4 to determine the nature of the rearrangements involved. DNA sequence analysis
of the genomic DNA adjacent to the rescued plasmid demonstrated that the new telomere
seeded by the pNCT-tel plasmid in clone A4 was located on the long arm of chromosome 20
(20q11.23), which would result in the loss of a large portion of the original arm. Our earlier
analysis of DNA rearrangements resulting from spontaneous telomere loss in 4 Ganr/G418r

subclones of clone B3 demonstrated that all 4 contained inverted repeats [33], which we have
shown result from sister chromatid fusion [52]. However, DNA sequence analysis of the
rescued plasmid DNA from A4 subclones demonstrated that only 1 of the 5 DSB-induced
Ganr/G418r subclones contained an inverted repeat, while the other 4 had a variety of other
GCRs, including translocations, ring chromosome formation, and fusion at a telomeric site to
form a dicentric chromosome (Fig. 8). DNA sequence analysis of the recombination site in
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subclone A4-GGR7 demonstrated that DNA from chromosome 10 was joined on at the I-
SceI site without the loss of a single nucleotide from the ATAA overhang generated by I-
SceI. There were 2 bps of microhomology at the recombination junction. The orientation of
the chromosome 10 sequence is towards the telomere on the long arm at 10q21, indicating that
a translocation had occurred.

DNA sequence analysis of the recombination site in subclone A4-GGR8 demonstrated that
DNA from chromosome 20 was located at the I-SceI site, with the loss of 7 nucleotides from
the site of the DSB, including the ATAA overhang generated by I-SceI. There was 1 bp inserted
at the recombination junction. The orientation of the chromosome 20 sequence is towards the
centromere on the long arm at the 20p12/20p13 junction, indicating the formation of a ring
chromosome.

DNA sequence analysis of the recombination site in subclone A4-GGR9 demonstrated the
presence of 124 bps of DNA from chromosome 4, followed by DNA from chromosome 16.
There were 64 nucleotides lost at the I-SceI site, with 2 bps of microhomology at the
recombination junction. Recombination between chromosome 4 and 16 involved 4 bps of
microhomology. The orientation of the chromosome 16 sequence is towards the telomere on
the short arm at 16p13, indicating that a translocation had occurred.

DNA sequence analysis of the recombination site in subclone A4-GGR10 demonstrated an
inverted repeat at the I-SceI site, with the loss of 7 nucleotides including the ATAA overhang
from one inverted repeat, and the loss of 1.9 kb of DNA from the other inverted repeat. There
were 4 bps of microhomology at the recombination junction. The substantial degradation of
DNA from one of the inverted repeats is typical of what we have observed in mouse ES cells
[33], since selection in G418 requires only that one neo gene be intact.

DNA sequence analysis of the recombination site in subclone A4-GGR12 demonstrated that
DNA from chromosome 4 was located at the I-SceI site, without the loss of any nucleotides
from the ATAA overhang generated by I-SceI. There was no microhomology at the
recombination junction. The site of recombination was 2002 bps from the canonical telomeric
repeat sequences on the short arm of chromosome 4, with the sequence directed towards the
centromere, indicating that a chromosome fusion involving the formation of a dicentric
chromosome had occurred. The site of fusion so close to the telomere suggests that the fusion
with chromosome 4 resulted from spontaneous telomere loss, which occurs at a rate of 10−4

events/cell/generation in EJ-30 [21].

3.9. The analysis of DSB-induced chromosome instability in Ganr/G418r subclones of clone
B3

We have previously demonstrated that spontaneous telomere loss in clone B3 results in
chromosome instability involving B/F/B cycles [13,21]. To demonstrate whether DSBs near
telomeres also cause chromosome instability, we analyzed whether three Ganr/G418r

subclones of B3 showed instability of chromosome 16. One of the subclones, B3-GGR62,
contains a duplication from chromosome 5 at the end of chromosome 16p in 98% of the cells
in the population, demonstrating that the marker chromosome 16 had undergone a stable DNA
rearrangement (Table 2). However, in the other two subclones, B3-GGR70 and B3-GGR76,
the marker chromosome 16 was highly unstable and appeared to still be undergoing B/F/B
cycles (Fig. 9,Table 2). This instability was evident by the fact that the arm containing the
telomeric plasmid was missing a telomere in many cells in the population, which we have
demonstrated is associated with anaphase bridges and amplification of subtelomeric DNA
[52]. Moreover, in the great majority of cells in these subclones, chromosome 16 has acquired
a new telomere by one of a variety of mechanisms that we have previously observed after
spontaneous telomere loss [13]. Some of these mechanisms of telomere acquisition stabilize
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the chromosome, as demonstrated by the homogeneity of the structure of the marker
chromosome in secondary subclones [21]. However, other mechanisms of telomere acquisition
can lead to further chromosome instability, both on the chromosome that acquired the telomere
and on other chromosomes. These include the formation of nonreciprocal translocations [13],
dicentric chromosomes that result from the fusion with other chromosomes, and ring
chromosomes resulting from the fusion with the other end of chromosome 16. Interestingly,
most of the events observed during B/F/B cycles were also observed as the initial
rearrangements occurring after I-SceI-induced DSBs in Ganr/G418r subclones of clone A4 (see
Fig. 8).

4. Discussion
The results presented here clearly establish that DSBs near telomeres have severe consequences
for chromosome instability in the EJ-30 human tumor cell line. Consistent with earlier studies
[29–32], we found that I-SceI-induced DSBs at interstitial sites most often resulted in small
deletions, while large deletions and GCRs were relatively rare. We also found that the
frequency of small deletions resulting from I-SceI-induced DSBs near telomeres was similar
to that observed for interstitial DSBs (see Figs. 5 and 6A,Table 1), however, the frequency of
large deletions and GCRs was greatly increased near telomeres (see Figs. 4 and 6A). In fact,
large deletions and GCRs are by far the most common types of DNA rearrangements that are
observed in cells experiencing DSBs near telomeres. This appears to be a general feature of
mammalian cells, because we have also observed large deletions and GCRs as a result of I-
SceI-induced DSBs near telomeres in mouse ES cells, although the frequency of these events
was not determined [33,38]. Our results are consistent with the increased sister chromatid
exchanges and dynamic evolution that is observed in human subtelomeric regions [53]. This
increase in large deletions and GCRs near telomeres strongly indicates a high degree of
sensitivity of subtelomeric regions to DSBs. An alternative explanation, that large deletions
and GCRs also occur at a high frequency at interstitial sites, but are selected against because
they are lethal, is highly unlikely in view of the excess number of large deletions and GCRs
that are observed relative to small deletions. While large deletions and GCRs may be more
likely to be lethal at some interstitial sites, they have been uniformly found to be rare events
at a large number of different interstitial I-SceI sites in this and other studies [29–32]. Moreover,
a study in human cells that detected chromosome translocations by PCR 48 hours after the
introduction of two DSBs, and therefore was not dependent upon cell survival, demonstrated
that translocations are several orders of magnitude less frequent than simple rejoining of ends
at a single DSB [54]. The increased sensitivity of telomeric regions to DSBs is also consistent
with studies in yeast, which were performed with a nonessential chromosome so that increased
cell death at interstitial GCRs was not a factor [25].

The increased frequency of large deletions and GCRs as a result of DSBs near telomeres could
result from a deficiency in one or more DSB repair pathways in telomeric regions. Not all DSB
repair pathways would appear to be deficient, because the frequency of small deletions is
similar at telomeric and interstitial sites. There are multiple mechanisms for repair of DSBs,
including NHEJ [55], alternative NHEJ (Alt-NHEJ) [56], and homologous recombination
repair (HRR) [57]. NHEJ and Alt-NHEJ involve the direct rejoining of broken DNA ends,
while HRR in mammalian cells involves the utilization of the sister chromatid as a template
for repair involving homologous recombination. A deficiency in NHEJ is one possible
explanation for the high frequency of large deletions and GCRs resulting from DSBs near
telomeres. I-SceI-induced DSBS at interstitial sites are faithfully repaired by NHEJ without
deletions, while small deletions result from repair by Alt-NHEJ [58–60]. As a result, a
deficiency in repair by NHEJ results in more extensive deletions [58–60]. Therefore, if NHEJ
were defective near telomeres, DSBs at interstitial sites would go undetected due to faithful
repair by NHEJ, while DSBs at telomeric sites would result in large deletions and GCRs. On
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the other hand, small deletions resulting from Alt-NHEJ would occur at the same frequency at
both locations. Consistent with this model, studies in S. cerevisiae have reported deficient repair
of I-SceI-induced DSBs by NHEJ near telomeres, which results in an increase in GCRs [25].
The rejoining of DSBs near telomeres by Alt-NHEJ might also be involved in the generation
of large deletions and GCRs, since Alt-NHEJ is commonly associated with extensive
degradation and chromosome rearrangements [56]. Alternatively, a deficiency in HRR near
telomeres might also explain the high frequency of large deletions and GCRs resulting from
DSBs near telomeres. The HRR process involves the resection of DNA at DSBs to generate
large single-stranded regions that are used to mediate DSB repair through homologous
recombination [57]. This resection can also involve the other strand, resulting in deletions at
the site of the DSB [61], which could account for the extensive degradation observed at DSBs
near telomeres.

The most common type of rearrangement we observed as a result of I-SceI-induced DSBs near
telomeres is a large deletion that results in the complete loss of the plasmid sequences (see
Figs. 4 and 6). Consistent with this observation, large deletions are also an important
mechanism for chromosome instability following telomere loss in yeast [62]. Large deletions
resulting in the complete loss of the telomeric plasmid sequences are also the most common
rearrangement resulting from spontaneous telomere loss in the EJ-30 clone B3 [21],
demonstrating that large deletions near telomeres are not limited to I-SceI-induced DSBs. The
complete loss of the telomeric plasmid sequences could occur through several different
mechanisms, all of which we have observed in our studies. The loss of the telomeric plasmid
sequences could occur as a result of extensive degradation at the site of the DSB. Degradation
at the I-SceI site is evident in the analysis of DNA rearrangements in our studies. Selection
with G418 selects against cells that have extensive degradation that results in the loss of the
neo gene. However, because only one copy of the neo gene is required for resistance to G418,
there is no selection against degradation on one of the inverted repeats. Extensive degradation
of one of the inverted repeats is seen in subclone B3-GGR10 (Fig. 8A), where one of the
inverted repeats was joined at the I-SceI site and the other was degraded by 1.9 kb. The analysis
I-SceI-induced inverted repeats in mouse ES cells also demonstrated extensive degradation at
DSBs near telomeres, by as much as 30 kb in one Ganr/G418r subclone [33,38]. The complete
loss of the telomeric plasmid sequences could also occur through the breakage of the
chromosome following sister chromatid fusions or fusions to other chromosomes.
Chromosome fusions result in the formation of chromosome bridges during anaphase, which
results in the random breakage of the fused chromosomes [12,52]. As a result, some daughter
cells will acquire additional copies of portions of the fused chromosomes, while the other
daughter cells will acquire the corresponding chromosomes deletions. Finally, the complete
loss of the telomeric plasmid sequences could occur through the loss of the entire chromosome
or chromosome arm following DSB-induced GCRs. In fact, we have observed both an increase
in the rate of chromosome loss and loss of the chromosome arm containing the telomeric
plasmid sequences (isochromosome formation) in a subclone undergoing B/F/B cycles [13].
Consistent with this mechanism, dicentric and ring chromosomes have been demonstrated to
have an increased likelihood of being lost with time in dividing cell populations [63].

The results presented here demonstrate for the first time that DSBs near telomeres in
mammalian cells result in an increased frequency of propagated GCRs and chromosome
instability compared to DSBs at interstitial sites. These GCRs and chromosome instability are
likely to have severe consequences in that they result in many of the types of rearrangements
associated with human cancer [64–66]. Moreover, the frequency of GCRs resulting from DSBs
near telomeres is almost certainly underestimated in our study, because most subclones
experiencing complete loss of the plasmid are also likely to experience GCRs. As mentioned
above, complete loss of the plasmid sequences can result directly from GCRs as a result of the
breakage or loss of rearranged chromosomes. We have also shown that GCRs are typically
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accompanied by extensive degradation [33,38], which is evident in subclone A4-GGR10 (Fig.
8) and ES cell subclones in which one sister chromatid was degradation up to 30 kb prior to
sister chromatid fusion. Therefore, complete loss of the plasmid is likely to often result from
a similar extent of degradation prior to formation of GCRs. However, although extensive
degradation often precedes GCRs, it is not the sole reason for the GCRs that result from DSBs
near telomeres, since we sometimes observe GCRs with minimal degradation at the site of the
DSB in both EJ-30 human tumor cells (see Fig. 8) and in mouse ES cells [33,38].

Our results demonstrate that the initial GCRs resulting from DSBs near telomere can take
several different forms, including translocations, sister chromatid fusions (inverted repeats),
rings, and dicentric chromosomes, all of which can be unstable and result in additional
rearrangements or chromosome loss. Similar types of GCRs are also subsequently observed
during B/F/B cycles that result from spontaneous telomere loss [13] or DSBs near telomeres
(Fig. 9,Table 2) in the EJ-30 cell line. This is not surprising, because these rearrangements
result from the absence of a telomere on the end of the chromosomes in subsequent cell
generations as a result of breakage of the fused sister chromatids during anaphase. However,
this variety of GCRs differs from the initial GCRs that we have observed as a result of DSBs
near telomeres in 6 subclones of mouse ES cells [33,38], all of which involved inverted repeats.
Similarly, the initial GCRs that we observed following spontaneous telomere loss in 4
subclones of EJ-30 also involved inverted repeats [33], which were demonstrated by
cytogenetic analysis to result from sister chromatid fusions [52]. We have previously proposed
that the difference between the initial GCRs resulting from spontaneous telomere loss and the
subsequent GCRs occurring during B/F/B cycles is due to the fact that the initial events occur
during DNA replication [12]. During DNA replication, the ends of the sister chromatids would
be in close proximity and therefore sister chromatid fusion would be the most likely GCR to
occur. In contrast, the breakage of the sister chromatids during anaphase would allow ample
time for the telomere-deficient chromosomes to be rejoined with a variety of other DSBs prior
to DNA replication in the next cell cycle when sister chromatid fusion could again occur. This
model would predict that spontaneous telomere loss in cancer cells occurs during DNA
replication. Cancer cells have been demonstrated to have increased rates of chromosome breaks
at fragile sites due to replication stress [22,23], which would be likely to occur near telomeres
because subtelomeric regions, like fragile sites, have been shown in yeast to cause replication
forks to stall [24]. This model would also predict that the timing of I-SceI-induced DSBs in
human cancer cells is different from mouse ES cells, because all 6 of the I-SceI-induced GCRs
analyzed in mouse ES cells consisted of inverted repeats. This difference in timing of formation
of I-SceI-induced DSBs could be due to the limited access of the I-SceI endonuclease to the
DNA due to chromatin structure, since the telomeric plasmid sequences in mouse ES cells
[45], but not human tumor cells (unpublished observation, [67]), undergo DNA methylation
and heterochromatin formation upon passage in culture.

The results presented here also confirm that DSBs near telomeres in human cells can result in
chromosome healing. However, unlike many of the other events resulting from DSBs near
telomeres, chromosome healing occurs at the site of the break and can prevent DNA
degradation and chromosome instability [38]. Chromosome healing may therefore serve as an
alternative mechanism for repair of DSBs near telomeres, which otherwise would lead to
chromosome instability. Although chromosome healing results in a terminal deletion, this
would have little consequence for DSBs near telomeres. An important observation in the
current study is that the frequency of chromosome healing in the EJ-30 human tumor cell line
is much lower than in mouse ES cells. As shown in Fig. 7, chromosome healing is rarely seen
in EJ-30 subclones selected with ganciclovir alone, accounting for only 4 % of the
rearrangements that were observed. In contrast, chromosome healing in mouse ES cells
accounts for 25% of the I-SceI-induced events in subclones selected with ganciclovir. This low
frequency of chromosome healing in EJ-30 has important implications for chromosome
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instability for DSB-induced or spontaneous telomere loss, since it may mean that in addition
to an increased rate of telomere loss, human tumor cells are less capable of preventing
chromosome instability involving B/F/B cycles. A deficiency in chromosome healing could
therefore contribute to the chromosome instability resulting from telomere loss in human
cancer cells.

The sensitivity of telomeric regions to DSBs provides new insights into how DSBs may
contribute to telomere loss and the chromosome instability in human cancer cells. In some
instances, DSBs near telomeres could result from exogenous sources, such as DSBs produced
by ionizing radiation. Ionizing radiation is now known to initiate chromosome instability,
although the mechanisms involved have yet to be elucidated [68–71]. However, as discussed
above, endogenous DSBs also occur at an increased frequency in cancer cells due to replication
stress [22,23], and may contribute to the spontaneous telomere loss that we, and others, have
demonstrated as an important mechanism for chromosome instability in human cancer cell
lines [17,21]. Although replication stress-induced DSBs may occur at many locations, our
results demonstrate that those occurring near telomeres would be especially prone to initiating
chromosome instability. A more complete understanding of the mechanisms responsible for
the sensitivity of subtelomeric regions to DSBs and the role of chromosome healing in
preventing chromosome instability should therefore provide important insights into the
mechanisms of chromosome rearrangement in cancer.
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FIG. 1.
Characterization of integrated plasmid sequences in clones with telomeric or interstitial
integration sites. Similar to our earlier isolation and characterization of clones B3 and A4
transfected with the pNCT-tel plasmid, cell line EJ-30 was transfected with the linearized
pNTIL-tel plasmid with telomeric repeat sequences on one end. Following transfection and
selection with G418, individual colonies were then selected and their genomic DNA was
analyzed by Southern blot analysis following digestion with XbaI, which cuts once in the center
of the plasmid. Clones in which the linearized pNTIL-tel plasmid seeded the formation of a
new telomere upon integration demonstrate a diffuse band (I33 and I36) as a result of variability
in the length of the telomere in different cells in the population. All other clones contain the
plasmid integrated at interstitial sites (ΔI27, ΔI35, ΔI40, ΔI42). Additional cell clones with
telomeric integration sites (ΔE1, ΔE2, ΔE3, ΔB1, ΔB2, ΔB3) were also isolated following
transfection with the linearized pNCTΔ plasmid that does not contain telomeric repeat
sequences.
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FIG. 2.
The structure of the integrated plasmid sequences used to investigate the consequences of I-
SceI-induced DSBs at telomeric and interstitial locations. EJ-30 clones A4 and B3 contain a
single copy of the pNCT-tel plasmid integrated on the end of a chromosome, while EJ-30 clones
ΔB1 and ΔE2 contain single rearranged copies of pNCT-tel integrated at interstitial sites. EJ-30
clone I33 contains a single copy of the pNTIL-tel plasmid integrated at the end of a
chromosome, while clone ΔI27 contains a single rearranged copy of pNTIL-tel integrated at
an interstitial site. pNCT-tel and pNTIL-tel both contain an HSV-tk gene with a CMV
promoter, a neo gene with an HSV-tk promoter, vector sequences (amp/ori), and telomeric
repeat sequences for seeding new telomeres. The only difference between pNCT-tel and
pNTIL-tel is the location of an 18 bp recognition site for introducing DSBs with the I-SceI
endonuclease (I), which is located between the neo and HSV-tk genes in pNCT-tel and at the
5' end of the HSV-tk gene in pNTIL-tel. The location of the HindII sites (H) and the size of
the HindIII restriction fragments used for Southern blot analysis are shown.
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FIG. 3.
Increased frequency of inactivation of the HSV-tk gene as a result of I-SceI-induced DSBs
near telomeres. The EJ-30 clones ΔB1 and ΔE2 containing interstitial I-SceI sites, and clones
A4 and B3 containing telomeric I-SceI sites were infected with the control pQCXIP retrovirus
(−) and the pQCXIP-ISceI retrovirus containing the I-SceI gene (+). The pooled puror cultures
of infected cells were then plated into medium containing 50 μM ganciclovir to determine the
percentage of Ganr cells in the population. The standard deviations are shown for the 3 separate
experiments.
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FIG. 4.
Southern blot analysis demonstrated that inactivation of the HSV-tk at telomeric sites most
often results from large deletions involving loss of the integrated plasmid sequences. Genomic
DNA from parental clones B3 and I33 with telomeric I-SceI sites, and ΔE2, ΔI27 with
interstitial I-SceI sites, is compared with genomic DNA from 12 of their Ganr subclones
infected with the pQCXIP-ISceI retrovirus (GR1 – GR12). The genomic DNA was digested
with HindIII, and hybridization was performed using the pNTPΔ plasmid probe. pNTPΔ
contains the amp, neo and HSV-tk genes, but lacks the telomeric repeat sequences. pNTPΔ
also lacks the CMV promoter, which cross hybridizes with the CMV promoter in the pQCXIP
retrovirus. The location of the bands containing the neo and HSV-tk genes, and the location of
the lambda bacteriophage HindIII restriction fragments are shown.
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FIG. 5.
The analysis of small deletions at the I-SceI site in EJ-30 clones with interstitial and telomeric
integration sites. Small deletions were detected by monitoring the ability of the I-SceI
endonuclease to cut a 1.8 kb PCR product spanning the I-SceI site. Genomic DNA was isolated
from pooled puror cultures of pQCXIP (A4, B3 and I33) or pQCXIP-ISceI (A4-I, B3-I and
I33-I) infected cultures of clones with telomeric integration sites, or pQCXIP (ΔB1, ΔE2 and
ΔI27) or pQCXIP-ISceI (ΔB1-I, ΔE2-I and ΔI27-I) infected cultures of clones with interstitial
integration sites. The genomic DNA from the pooled puror cells was isolated 10 days after
infection with the retroviruses. The percentage of cells that had small deletions was determined
by comparing the intensity of the undigested band with the combined intensity of the digested
and undigested bands.
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FIG. 6.
Comparison of the frequency of small deletions, large deletions, and GCRs resulting from
DSBs at telomeric and interstitial sites. (A) The types of rearrangements were characterized in
subclones of EJ-30 clones ΔI27 and I33 that were selected at random without ganciclovir
selection from pooled puror populations infected with the pQCXIP and pQCXIPISceI
retroviruses. The puror colonies were pooled 10 days after infection and were replated as single
cells in growth medium without ganciclovir. Individual colonies were then selected and the
subclones (+I-SceI, n=81 for ΔI27, n=101 for I33) were analyzed for the presence of small
deletions, large deletions or GCRs. As controls, subclones selected at random from puror

populations of ΔI27 and I33 (−I-SceI, n=25) infected with the pQCXIP retrovirus were also
analyzed. The analysis of small deletions in the random subclones involved amplification of
the region containing the I-SceI site by PCR, followed by digestion of the PCR product with
I-SceI, as performed for the pooled populations in Fig. 5. Subclones in which the PCR fragment
was not cut by I-SceI were scored as having small deletions. The subclones that did not produce
a PCR product were scored as having large deletions or GCRs, and were subsequently analyzed
by Southern blot analysis to determine the type of rearrangement that had occurred. The results
are shown for (B) the parental ΔI27 clone and all 5 PCR-negative ΔI27 subclones (R107–
R179), and (C) the parental I33 clone and 24 PCR-negative I33 subclones (R206–R292).
Southern blot analysis was performed using HindIII digestion and the pNPTΔ probe as
described in Fig. 4. The data for I33 subclones R206–R232 were taken from a separate
hybridization than the other I33 subclones.
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FIG. 7.
Southern blot analysis of the types of DNA rearrangements resulting from DSBs near telomeres
in Ganr/G418r subclones. Genomic DNA from (A) the parental clone A4 and 12 of its Ganr/
G418r subclones, GGR1 through 12, and (B) the parental clone B3 and 12 of its Ganr/G418r

subclones infected with pQCXIP-ISceI, GGR1 through 12, was analyzed following digestion
with HindIII and hybridization with the pNPTΔ plasmid probe as described in Fig. 4. The data
for B3 subclones GGR9–12 were taken from a separate hybridization. Subclones with new
highly diffuse bands have undergone chromosome healing, while subclones with new discrete
bands have undergone GCRs. (C) The combined percent of cells in clones A4 and B3 with
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GCRs, chromosome healing (CH), or complete loss (Loss) of the plasmid sequences, when
selecting with ganciclovir alone (left), or with ganciclovir and G418 together (right).
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FIG. 8.
Characterization of the types of rearrangements resulting from DSBs near telomeres using
plasmid rescue and DNA sequence analysis. Genomic DNA from Ganr/G418r subclones
isolated from clone A4 was used for rescue of the plasmid sequences and adjacent cellular
DNA. (A) DNA sequence analysis was performed using a primer adjacent to the I-SceI site to
analyze the recombination junction and the identity of the DNA involved in rearrangements
in the A4 Ganr/G418r subclones GGR7, GGR8, GGR9, GGR10 and GGR12. The sequence of
the pNCT-tel plasmid ending in the 4 bp overhang generated by I-SceI (ATAA) is compared
with the sequence of the recombination site it the A4 subclones and of the sequence of the other
DNA involved in the rearrangement. Nucleotides with homology (asterisks), microhomology
at the recombination junction (bold), and inserted nucleotides (italics) are shown. (B) DNA
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sequence analysis of the recombination site involved in the integration of the pNCT-tel plasmid
on chromosome 20 in clone A4. The DNA from clone A4 is compared with the NotI-digested
end of pNCT-tel and the sequence of chromosomeo 20q. The NotI site used to linearize the
pNCT-tel plasmid prior to transfection is indicated (italics). (C) The structure of chromosome
rearrangements predicted from the sequence analysis of the DNA found at the site of
recombination. The location and orientation of the sequences at the site of recombination at
the I-SceI site (white arrows) and other chromosomes involved in the recombination events
(black arrows) are shown. The positions of centromeres are indicated by ovals.
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FIG. 9.
Instability of chromosome 16 in the Ganr/G418r subclone GGR70 isolated from clone B3.
FISH analysis demonstrated that a variety of different types of rearrangements on the end of
chromosome 16 containing the I-SceI-induced DSB, demonstrating an ongoing instability
(Table 2). These rearrangements include (A) nonreciprocal translocations, (B) duplications
originating from the other arm of chromosome 16, and (C) isochromosome formation.
Chromosome analysis involved sequential hybridization using (1) M-FISH to identify all
chromosomes, (2) cosmid RT99 adjacent to the integrated plasmid at 16p to identify the
location of the site of sister chromatid fusion, (3) a PNA telomere-specific probe to identify
telomeres, and (4) subtelomeric DNA for 16q, the arm that is opposite the plasmid integration
site, or subtelomeric regions of chromosome 5p, to demonstrate the presence of portions of
these chromosome arms on the end of chromosome 16. (A) M-FISH demonstrated that the
nonreciprocal translocation involved the loss of the short (p) arm from chromosome 5 (arrow)
and its appearance on chromosome 16p (arrow). The presence of the translocation near the
original end of chromosome 16p is demonstrated by hybridization with the cosmid probe.
Hybridization with subtelomeric probes demonstrate that one end of the chromosome is
composed of chromosome 16q, while the other end is from 5p. Hybridization with the PNA
telomeric probe demonstrates that the chromosome has telomeres on both ends. (B) The
duplication of the other end of chromosome 16 in this cell is demonstrated by hybridization of
a probe for the subtelomeric region of the long arm (16q) to both ends of the chromosome. The
short arm is still present, as demonstrated by hybridization with the cosmid probe adjacent to
the integrated plasmid, and telomeres are present on both ends. (C) The formation of an
isochromosome by chromosome 16 in this subclone resulted in the loss of the 16p arm and the
plasmid, and the duplication of the entire 16q arm, including the centromere (arrows) and
telomere.
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Table 1

Percent of cells in the population that contain small deletions at the I-SceI site.

Clone Percent uncut DNA Fraction Ganr/PCR− Percent small del*

Interstitial

 ΔB1 20.5 0.034 19.8

 ΔE2 18.2 0.008 17.9

 ΔI27 20.9 0.066 19.5

Telomeric

 A4 34.9 0.30 24.4

 B3 35.9 0.48 18.7

 I33 31.2 0.52 15.0

*
The percent of cells with small deletions is determined by multiplying the fraction of uncut PCR product by (1- Fraction of Ganr or PCR− cells).
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