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Telomeres are essential for protecting the ends of chromosomes and preventing chromosome fusion. Telo-
mere loss has been proposed to play an important role in the chromosomal rearrangements associated with
tumorigenesis. To determine the relationship between telomere loss and chromosome instability in mammalian
cells, we investigated the events resulting from the introduction of a double-strand break near a telomere with
I-SceI endonuclease in mouse embryonic stem cells. The inactivation of a selectable marker gene adjacent to
a telomere as a result of the I-SceI-induced double-strand break involved either the addition of a telomere at
the site of the break or the formation of inverted repeats and large tandem duplications on the end of the
chromosome. Nucleotide sequence analysis demonstrated large deletions and little or no complementarity at
the recombination sites involved in the formation of the inverted repeats. The formation of inverted repeats was
followed by a period of chromosome instability, characterized by amplification of the subtelomeric region,
translocation of chromosomal fragments onto the end of the chromosome, and the formation of dicentric
chromosomes. Despite this heterogeneity, the rearranged chromosomes eventually acquired telomeres and
were stable in most of the cells in the population at the time of analysis. Our observations are consistent with
a model in which broken chromosomes that do not regain a telomere undergo sister chromatid fusion involving
nonhomologous end joining. Sister chromatid fusion is followed by chromosome instability resulting from
breakage-fusion-bridge cycles involving the sister chromatids and rearrangements with other chromosomes.
This process results in highly rearranged chromosomes that eventually become stable through the addition of
a telomere onto the broken end. We have observed similar events after spontaneous telomere loss in a human
tumor cell line, suggesting that chromosome instability resulting from telomere loss plays a role in chromo-
somal rearrangements associated with tumor cell progression.

Telomeres are nucleoprotein complexes at the ends of chro-
mosomes that contain short DNA repeat sequences added on
by telomerase (7, 45). Telomeres serve multiple functions, in-
cluding protecting chromosome ends and preventing chromo-
some fusion (7, 13, 45). The loss of a telomere, either through
improper maintenance or due to a double-strand break (DSB)
occurring near the end of a chromosome, can have a variety of
consequences. Chromosomes without telomeres can be
“healed” by the addition of a new telomere, resulting in a
terminal deletion. This chromosome healing can occur by a
variety of mechanisms, including de novo addition by telom-
erase, as has been demonstrated in yeast (14) and tetrahymena
(83). The addition of telomeres directly onto the end of a
broken chromosome has been observed in human tumor cells
(19) and mouse embryonic stem (ES) cells (74) and has been
associated with human genetic diseases (17, 80, 82). However,
the mechanism of direct telomere addition in mammalian cells
is not known. Telomeres can also be obtained by the capture of
preexisting telomeres, which in human tumor cells can result
from cryptic translocation of terminal fragments from other

chromosomes (47). Finally, telomeres can be obtained by rep-
lication of the ends of other chromosomes through break-
induced replication (8), which has been demonstrated to occur
in yeast by RAD51-independent homologous recombination
(8, 25).

As first described by McClintock in maize (44), chromo-
somes that have lost their telomeres can fuse at their ends and
become unstable as a result of repeated breakage and fusion
during subsequent cell divisions, termed the breakage-fusion-
bridge (B/F/B) cycle. Increased chromosome fusion and chro-
mosome instability has been observed in cells from telomerase-
deficient mice (27) and in mammalian cells with a variety of
mutations that affect telomere function, including DNA-PKcs
(4, 24), Ku (4, 31), and TRF2 (79). Chromosome fusion re-
sulting from telomere loss appears to play an important role in
chromosomal rearrangements associated with cancer. Telo-
mere shortening in aging somatic cells has been suggested to
lead to chromosomal fusions involved in the initiation of tu-
morigenesis (3). In addition, the high rate of telomere associ-
ations in many cancer cells (13) suggests that they commonly
have a high spontaneous rate of telomere loss. Thus, cancer
cells may often have fundamental defects in their ability to
properly maintain telomeres. Consistent with this possibility,
cancer cells commonly show a high rate of B/F/B events (22,
66), which have been associated with telomere dysfunction and
chromosome instability (21).

The loss of a selectable marker gene located near the end of
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a chromosome has proven invaluable in the study of the types
of events associated with telomere loss. In yeast that are defi-
cient in DSB repair, the loss of telomeric marker genes after
the introduction of a DSB with the HO endonuclease often
involves chromosome healing (14, 33, 68). In contrast, telom-
erase-deficient yeast cells were found to have a high rate of
gross chromosome rearrangements, resulting from chromo-
some fusions and nonreciprocal translocations that appeared
to result from break-induced replication (25). Chromosome
healing was not observed in this later study, as might be ex-
pected in telomerase-deficient cells. The spontaneous loss of a
selectable marker gene located near the end of a chromosome
was also found to be associated with gross chromosome rear-
rangements in yeast with mutations in genes involved in cellu-
lar response to DSBs (52, 53). These gross chromosome rear-
rangements resulted from both chromosome healing and
nonreciprocal translocations with other chromosomes.

We have used selectable marker genes located adjacent to a
telomere to investigate the consequences of telomere loss in
mammalian cells. Studies in the human tumor cell line EJ-30
demonstrated a high spontaneous rate of rearrangements
(10�4 event/cell/generation) involving a marker chromosome
containing a herpes simplex virus thymidine kinase (HSV-tk)
gene adjacent to a telomere. Most HSV-tk-deficient (HSV-
tk�) subclones had nontelomeric DNA joined onto the end of
the marker chromosome (19). In contrast, the spontaneous
rate of rearrangement of the telomeric HSV-tk gene in a
mouse ES cell clone was below the level of detection (�10�6

event/cell/generation) (74). However, telomere loss could be
induced in mouse ES cell clones after the introduction of a
DSB at a specific location near the HSV-tk gene with the I-SceI
endonuclease, which has been widely used to study the influ-
ence of DSBs on both homologous and nonhomologous re-
combination in mammalian cells (32, 40, 60, 61, 65, 67). Two
types of rearrangements were observed. Unlike previous stud-
ies with I-SceI-induced DSBs at interstitial sites, �90% of the
mouse ES cell HSV-tk� subclones had telomeres added di-
rectly onto the site of the break (74). The remainder of the
HSV-tk� subclones showed nontelomeric DNA joined onto
the end of the chromosome, similar to the most common type
of event observed in HSV-tk� subclones from the human
EJ-30 tumor cell line. In the present study, we characterized
the rearrangements in the mouse ES cell HSV-tk� subclones
at both the DNA and chromosome levels. The generation of
DSBs with the I-SceI endonuclease in these cells provides the
opportunity to analyze the types of events resulting from telo-
mere loss due to a DSB at a known location on individual
chromosomes. The results demonstrate that DSBs occurring
near telomeres can result in complex chromosome rearrange-
ments and chromosome instability, which can be prevented or
terminated by the addition of telomeric repeat sequences to
the end of the broken chromosome.

MATERIALS AND METHODS

Cell lines and culture conditions. The mouse ES cell line JM-1 was obtained
from Roger Pedersen (University of California, San Francisco [UCSF]). JM-1
cells were grown on feeder layers consisting of STO cells that had been treated
with 50 Gy of ionizing radiation as previously described (62). Leukemia inhibi-
tion factor (Gibco) was added to the medium at 1,000 U/ml. The pNPT-tel and
pNPT2-tel plasmids were introduced into the ES cells by electroporation as

previously described (74), and clones containing the integrated plasmid were
selected in medium containing 300 �g of G418/ml. The EJ-30 cell line (obtained
from William Dewey, UCSF) was subcloned from the EJ bladder cell carcinoma
cell line, which is also named MGH-U1 (54). EJ-30 is deficient in p53 (11, 46)
and expresses telomerase activity (unpublished observation). EJ-30 was grown in
alpha minimal essential medium (UCSF Cell Culture Facility) supplemented
with 5% fetal calf serum (Gibco), 5% newborn calf serum with iron (Gibco), 1
mM L-glutamine (Gibco), and gentamicin.

Plasmids. The plasmids used for analysis of terminal deletions, pNPT-tel and
pNPT2-tel, were constructed from the pSXneo-1.6T2AG3 plasmid previously
shown to seed new telomeres upon integration (28). The pSXneo-1.6T2AG3

plasmid contains an ampicillin resistance gene, a neomycin resistance (neo) gene,
and 1.6 kb of telomeric repeat sequences. The neo gene has a promoter from the
HSV-tk gene with a polyomavirus enhancer (76), while the HSV-tk gene has a
phosphoglycerate kinase promoter for efficient expression in ES cells (72). Ex-
pression of the HSV-tk gene makes cells sensitive to ganciclovir, which has been
used for analysis of mutations in the HSV-tk gene (9, 50). In pNPT-tel, an 18-bp
I-SceI recognition site was introduced between the HSV-tk gene and the neo
gene, while in pNPT2-tel, the I-SceI site was introduced in the BstEII site in the
3�-untranslated region of the HSV-tk gene near the telomeric repeat sequences
(Fig. 1). Transfection was performed after linearization of the plasmids with the
NotI restriction enzyme, which placed the telomeric repeat sequences in the
proper orientation at one end.

Introduction of DSBs and isolation of HSV-tk� subclones. The generation of
HSV-tk� subclones from the mouse ES clones was accomplished by transient
expression of I-SceI endonuclease to generate DSBs within the plasmid se-
quences. Transient expression was performed by electroporation of pCBASce,
which contains the I-SceI gene with a chicken �-actin promoter and has been
found to provide a high efficiency of cutting at I-SceI sites in mammalian cells
(61). pCBASce was electroporated into the ES cells as previously described (74).
After we waited 6 days for turnover of the existing HSV-tk, previously shown to
be the required time for the generation of resistance to ganciclovir (9, 50), the
cells were plated in medium containing 2 �M ganciclovir and 300 �g of G418/ml.
Individual colonies were isolated by ring cloning after approximately 2 weeks.
The maximum frequency of ganciclovir/G418-resistant colonies generated by
I-SceI was �10�4. With clone A211, three of six experiments successfully gen-
erated cells that had I-SceI-induced DNA rearrangements, whereas in clone
A405, one of six experiments was successful.

Cloning and analysis of DNA sequences. Genomic DNA was purified as
previously described (51) and digested with restriction enzymes according to the
manufacturer’s instructions. Genomic DNA was fractionated by agarose gel
electrophoresis by either standard protocols or pulsed-field gel electrophoresis
with 1% agarose gels in 0.5� TBE (0.045 M Tris-borate, 0.001 M EDTA), at 200
V and 10°C, and pulsed at 2.0- to 3.6-s intervals. For Southern blot analysis, DNA
was depurinated by treatment with 0.25 M HCl for 30 min and transferred in 0.5
M NaOH onto a charged nylon Hybond-N� membrane (Amersham) by using a
vacuum transfer apparatus (Pharmacia). Prehybridization for 3 h and hybridiza-
tion overnight were performed at 65°C in 5� SSPE (1� SSPE is 0.18 M NaCl,
10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]), 5� Denhardt’s solution, 0.5%
sodium dodecyl sulfate (SDS), and 0.25 mg of salmon sperm DNA/ml. Probes
were labeled with [	-32P]dCTP (New England Nuclear) by using a High Prime
Labeling Kit (Roche). Filters were washed three times in 2� SSPE with 0.1%
SDS at room temperature, twice in 1� SSPE with 0.1% SDS at 65°C, and twice
in 0.1� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) with 0.1%
SDS at 65°C.

The cellular DNA adjacent to the integration site in clone A211 was isolated
by using long PCR of circularized genomic DNA and plasmid-specific primers in
reverse orientations. Circularization of genomic DNA from clone A211 digested
with BamHI was performed by diluting the DNA to 1 �g/ml in ligase buffer (20
mM Tris [pH 7.5], 10 mM MgCl2, 1 mM dithiothreitol, 1 mM ATP) containing
20 U of ligase (Gibco)/ml and incubation overnight at 14°C. DNA was then
concentrated by using Ultrafree-MC 30,000 NMWL filtration units (Millipore).
Long PCR was performed by using the Expand Template PCR Kit (Roche)
according to the manufacturer’s protocol. The primers were in reverse orienta-
tion within the origin of replication for the plasmid (5�-TATCCGGTAAGCGG
CAGG-3�) and the ampicillin resistance gene (5�-ACCAATGCTTAATCAGT
GAGGC-3�). PCR was performed with a hot start of 92°C for 2 min, followed by
10 cycles of 92°C for 10 s, 58°C for 30 s, and 68°C for 8 min and then 20 cycles
of 92°C for 10 s, 58°C for 30 s, and 68°C for 8 min, with an extension of 20 s per
cycle and an extension of 68°C for 10 min to complete the reaction. The PCR
product was purified by using a QIAquick spin column (Qiagen), and the purified
PCR product was cloned into pCR2.1 by using the TOPO-TA Cloning Kit
(Invitrogen) for sequencing and further analysis.
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In clone A211, analysis of the nucleotide sequence (GenBank accession no.
AF442770) showed no homology to sequences in the mouse genome database.
However, an informative polymorphic SINE/B2 repeat region was identified by
PCR with the primers m13-pA2 (5�-GGGTCAGCTAGATGGCTCAG-3�) and
m13-pB2 (5�-GTATGGTGTGCAGGTGATCG-3�) with an initial incubation at
94°C for 2 min; followed by 30 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for
45 s; and completed with an extension of 72°C for 10 min. The PCR produced
195- and 171-bp products from genomic DNA of mouse strains Mus musculus
C57BL/6J and Mus spretus SPRET/Ei, respectively. This sequence-tagged site
(STS), designated D18Rorl211, was used to map the genomic location of the
integration site by using the Jackson Interspecific Backcross Panels (C57BL/6J �

M. spretus)F1 � C57BL/6J (Jackson BSB panel) and the (C57BL/6JEi � SPRET/
Ei)F1 � SPRET/Ei (Jackson BSS panel). D18Rorl211 was found to be closely
linked to the loci D18Mit7 and D18Mit42, which are located at the end of
chromosome 18 near the telomere (Mouse Genome Database accession no.
J72310). A 140-kb BAC clone, 31E18, was identified by screening a mouse
genomic DNA library (Mouse ES release I; Incyte Genomics) by using this
D18Rorl211 STS.

The cloning of integrated plasmid sequences containing the recombination
junctions from the HSV-tk� subclones of clone A211 was performed by PCR
with one primer specific for the neo gene (5�-GAGCACAGCTGCGCAAGG-3�)
and one primer specific for the ampicillin resistance gene (5�-GATGCTGAAG
ATCAGTTGG-3�). Both primers are in the same orientation (Fig. 1) and there-
fore will amplify inverted repeats. PCR was performed as previously described
(59) by using an initial incubation for 2 min at 95°C; followed by 40 cycles of 95°C
for 30 s, 60°C (for subclone FS-1) or 62°C (for subclone FS-2) for 30 s, and 72°C
for 30 s; followed by one cycle of 95°C for 30 s, 60 oC (for subclone FS-1) or 62°C
(for subclone FS-2) for 30 s, and 72°C for 2 min. The PCR products were cloned
into the pCRII cloning vector (Invitrogen) by using the protocols provided by the
manufacturer. Multiple clones of each of PCR product were analyzed to confirm
that rearrangements had not occurred during cloning.

The cloning of the cellular DNA adjacent to the integration site in A405 and
the recombination junctions in the HSV-tk� subclones of A405 was achieved by
plasmid rescue. Plasmid rescue was performed by first digesting the DNA with
BclI, followed by the circularization and concentration of the DNA as described
above for clone A211. The DNA was then electroporated (2.5 kV, 200 
, 25 �F)
by using 0.2-cm cuvettes (Bio-Rad) into electrocompetent DH12s bacteria
(Gibco), and selection for the circularized plasmid and adjacent cellular DNA
was performed with ampicillin. Sequence analysis of the genomic DNA adjacent
to the integration site in clone A405 demonstrated an exact match to a BAC
(RPCI23-169K7; GenBank accession no. AC021643) containing DNA from near
the end of chromosome 15. The plasmid integrated into a region with a high
degree of homology to the 5� end of the promoter for the human heterogeneous
ribonucleoprotein A1 gene (GenBank accession no. X73096) and adjacent to
exon 1 of the heterochromatin protein 1	 (GenBank accession no. AK008792)

Cytogenetic and FISH analysis. Standard slides of 70% confluent mouse ES
cell cultures were used to prepared metaphase spreads for cytogenetic and
fluorescence in situ hybridization (FISH) analyses, as previously described (41).
Briefly, aged slides were dehydrated in an ethanol series of 70, 90, and 100%,
followed by denaturing with 70% formamide in 2� SSC. Analyses of subclones
of A211 were performed with biotin-labeled chromosome 18-specific painting
probe (Cambio), the digoxigenin-labeled subtelomeric BAC clone, 31E18, and
fluorescein isothiocyanate (FITC)- or Cy3-labeled peptide nucleic acid (PNA)
oligonucleotide of the telomeric repeat (5�-CCCTAACCCTAACCCTAA-3�).
BAC DNA was prepared by using the MIDI plasmid preparation kit (Qiagen)
according to the manufacturer’s protocol for low-copy and large-insert plasmids
and was labeled with digoxigenin by nick translation (Roche). Then, 200 to 500
ng of the BAC DNA was precipitated with 10-fold excess human Cot-I DNA
(Roche) and 20-fold excess mouse Cot-I DNA (Gibco), and FISH was performed
at high stringency in 50% formamide, 20% dextran sulfate, and 2� SSC at 37°C
overnight after denaturation at 80°C for 5 min and preannealing at 37°C for 2 h
to remove repeat sequences. Depending on the experiment, either the chromo-
some 18-specific painting or the PNA probe was mixed to the BAC probe before
denaturation. Slides were then washed twice in 2� SSC at room temperature for
10 min before three washes at high stringency in 0.1� SSC at 61°C for 10 min.
Detection of FISH signals was achieved by anti-digoxigenin-FITC (Roche) or
avidin-rhodamine (Roche) according to the manufacturer’s protocol. The slides
were mounted on Vectasheild (Vector Laboratories) with 0.1 �g of DAPI (4�,6�-
diamidino-2-phenylindole; Sigma)/ml as a counterstain.

For subclones of A405, FISH analysis was performed with the chromosome
15-specific painting probe (Cambio), the BAC RPCI23-169K7, the PAC
RPCI21-561P12 (which has been mapped to chromosome 15 band E; Molecular
Cytogenetic Resources [http://www.biologia.uniba.it/rmc]), and the PNA telo-
mere probe under the conditions described above. FISH for analysis of the
integrated plasmid sequences was performed as previously described (15, 36).

RESULTS

Establishment of clones with selectable marker genes inte-
grated adjacent to a telomere. Mouse ES cell clones containing
selectable marker genes integrated immediately adjacent to a
telomere were established by transfection with linearized plas-

FIG. 1. Structure of the linearized pNPT-tel and pNPT2-tel plas-
mids before and after integration on the end of a chromosome in
clones A211 and A405. (A) The pNPT-tel and pNPT2-tel plasmids
were linearized with NotI prior to transfection so that the telomeric
repeats would be in the proper orientation at one end to seed a new
telomere. The location of the pSP73 vector (amp/ori), neo gene (neo),
HSV-tk gene, and telomeric repeat sequences and the orientation of
the neo and HSV-tk genes (arrows) are indicated. The structures of
the integrated pNPT-tel plasmid in clone A211 and the pNPT2-tel
plasmid in clone A405 are also shown. The location of the BamHI
(Bm), EcoRI (E), NotI (N), SspI (Ss), and XbaI (Xb) restriction sites
and the 18-bp recognition site for the I-SceI endonuclease (I-SceI) are
shown. The sizes of fragments generated by the various restriction
enzymes are indicated for clone A405. (B) Southern blot analysis of
genomic DNA isolated from clone A405 digested with SspI (Ss),
BamHI (Bm), XbaI (Xb), or EcoRI (E) and separated by pulsed-field
gel electrophoresis prior to Southern blot anlaysis. Hybridization was
performed with the pNTP-� plasmid (which is similar to pNPT-tel but
lacks telomeric repeat sequences) as a probe. The locations of DNA
size markers are shown. Terminal restriction fragments are long and
heterogeneous in length due to variations in the lengths of the exten-
sive telomeric repeat sequences found in different cells in the popula-
tion.

4838 LO ET AL. MOL. CELL. BIOL.



mids containing telomeric repeat sequences on one end (Fig.
1A). The integration of the plasmid sequences on the ends of
broken chromosomes results in new telomeres “seeded” from
the telomeric repeat sequences within the plasmid (5, 16, 28).
The seeded telomeres on these marker chromosomes are elon-
gated in culture, and their length and dynamics become similar
to the other telomeres in the cell (73, 75). The plasmids used
in the present study contain a neo gene for positive selection
with G418 and an HSV-tk gene for negative selection with
ganciclovir. These plasmids also contain an I-SceI recognition
site for the introduction of DSBs with the I-SceI endonuclease.

Two mouse ES cell clones, A211 and A405, which contain a
plasmid integrated adjacent to a telomere have been isolated.
Telomeric integration sites are identified by the heterogeneity
in the length of the terminal restriction fragment (5, 19, 74),
due to variation in the length of the telomere in different cells
in the population. The terminal fragments average �60 kb in
length, similar to other telomeres in mouse cells (84). Clone
A211 contains a single telomeric copy of the pNPT-tel plasmid
(74), which has an I-SceI recognition site located between the
neo and HSV-tk genes (Fig. 1A). Clone A405 was obtained by
transfection with the pNPT2-tel plasmid, which is similar to
pNPT-tel except that the I-SceI recognition site is located at
the end of the HSV-tk gene near the telomeric repeat se-
quences (Fig. 1A). Like clone A211, clone A405 also contains
a single copy of the plasmid integrated adjacent to a telomere,
as demonstrated by Southern blot analysis with a variety of
restriction enzymes (Fig. 1B).

The pNPT-tel plasmid in clone A211 was integrated near the
end of chromosome 18, as determined from the Jackson Lab-
oratory Interspecific Backcross Mapping Panels by using an
STS marker (D18Rorl211) identified within the cloned cellular
DNA (see Materials and Methods). The integration site was
confirmed by FISH analysis with the plasmid without telomeric
repeat sequences as a probe (Fig. 2). Nucleotide sequence
analysis of DNA cloned from the integration site in clone A405
demonstrated that the plasmid was located near the end of
chromosome 15 (see Materials and Methods), which was also
confirmed by FISH analysis (Fig. 2).

Inverted repeats involving the plasmid sequences in HSV-
tk� subclones. I-SceI endonuclease was used to introduce a
DSB at a specific location in the plasmid sequences in clones
A211 and A405. Transient expression of I-SceI was accom-
plished by electroporation of the pCBASce expression vector
containing the I-SceI gene, which has previously been shown to
efficiently generate DSBs in mouse ES cells (61). Subclones of
A211 and A405 that have an inactivated HSV-tk gene were
isolated by coselection in medium containing both G418 and
ganciclovir to select for G418- and ganciclovir-resistant
(G418r/Ganr) subclones. Coselection with G418 was necessary
to eliminate HSV-tk� subclones that showed no change in the
plasmid sequences, as a result of silencing or point mutations
of the HSV-tk gene. The frequency of generating G418r/Ganr

colonies by transient transfection with the I-SceI gene within
A211 and A405 is significantly less (�10�4) than the frequency
of mutations generated at interstitial sites in other studies (32,
40, 60, 61, 65, 67). Whether this difference is due to the diffi-
culty in generating DSBs near the telomere or due to the type
of selection system used is not clear. As previously reported,
the inactivation of the HSV-tk gene involves the addition of

telomeric repeat sequences at the site of the break in more
than 90% of the I-SceI-induced G418r/Ganr subclones (74).
However, in some G418r/Ganr subclones, Southern blot anal-
yses demonstrated the loss of the heterogeneous band contain-
ing the telomere and the appearance of new discrete bands,
indicating the addition of nontelomeric DNA onto the end of
the chromosome. We have now further analyzed two of the
G418r/Ganr subclones of A211, FS-1, and FS-2 (74) and two
additional G418r/Ganr subclones of A405, FS-3, and FS-4 (Fig.
3) that appeared to have nontelomeric DNA joined to the end
of the chromosome.

The cloning of the plasmid sequences containing the sites of
recombination in the FS-1 and FS-2 subclones was accom-
plished by PCR, with oligonucleotide primers specific for the
neo and ampicillin resistance genes. These primers are in the
same orientation in the original pNPT-tel plasmid (Fig. 4A)
and therefore do not produce a PCR product with genomic
DNA from the parental clone A211. However, these primers
did produce 1.2- and 0.8-kb PCR products with genomic DNA
from the FS-1 and FS-2 subclones, respectively (data not
shown). Nucleotide sequence analysis of multiple clones of
these PCR products demonstrated the presence of inverted
repeats in both FS-1 and FS-2 subclones (Fig. 4A). In FS-1,
recombination occurred between plasmid sequences that were
17 bp away from the I-SceI site in one repeat and 2.6 kb away
from the I-SceI site in the other repeat, with 4 bp of comple-
mentarity at the recombination junction (Fig. 4B). The se-
quence of the cloned PCR product is consistent with Southern
blot analysis of genomic DNA from subclone FS-1, which dem-
onstrated new 4.1-kb SspI and 9-kb EcoRI bands containing
the novel junction fragments (see Fig. 3, lane 10, in reference
74). In subclone FS-2, recombination occurred between plas-
mid sequences that were 8 bp away from the I-SceI site in one
repeat and 3.0 kb away from the I-SceI site in the other repeat
(Fig. 4A), with 1 bp of complementarity at the junction (Fig.
4B). The structure of the cloned PCR fragment is consistent
with Southern blot analysis of genomic DNA from subclones
FS-2, which demonstrated new 3.7-kb SspI and 8.6-kb EcoRI
bands containing the novel junction fragment (see Fig. 3, lane
15, in reference 74).

The cloning of the sites of recombination in the FS-3 and
FS-4 subclones of A405 was accomplished by rescue of the
plasmid sequences after the digestion of genomic DNA with
the BclI restriction enzyme. Mapping with restriction enzymes
and nucleotide sequence analysis of multiple clones again dem-
onstrated the presence of inverted repeats, except that the
recombination junctions involved sequences within the HSV-tk
gene. In subclone FS-3, recombination occurred at sites that
were originally 1.3 kb apart in the HSV-tk gene, occurring 0.5
and 1.8 kb away from the I-SceI site (Fig. 4A), with 4 bp of
complementarity at the recombination junction (Fig. 4B). The
structure of the rescued fragment is consistent with Southern
blot analysis of the genomic DNA from subclone FS-3, which
demonstrated new 8.3-kb SspI and 2.1-kb EcoRI bands con-
taining the novel junction fragments. In subclone FS-4, iden-
tical sequences were observed on both sides of the 600-bp SacI
fragment, with a gap of �50 bp in the center that could not be
sequenced. The inability to sequence this junction is apparently
due to the presence of a nearly perfect inverted repeat, which
can form hairpin structures that interfere with the sequencing
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reaction. Thus, the recombination site occurred at nearly iden-
tical locations in the two HSV-tk genes 1.0 kb away from the
I-SceI site (Fig. 4A). The structure of the rescued fragment is
consistent with Southern blot analysis of genomic DNA from
subclone FS-4, which demonstrated new 9-kb SspI and 2.8-kb
EcoRI bands containing the novel junction fragments. The
presence of inverted repeats in FS-3 and FS-4 is also consistent
with Southern blot analysis, which showed that the upper
EcoRI band is increased in intensity relative to the lower band
compared with the parental A405, indicating the duplication of
the larger fragment containing the neo and ampicillin resis-
tance genes (Fig. 4A).

Tandem duplications and chromosome instability following
DSBs near a telomere. Sister chromatid fusion is a known
mechanism by which inverted repeats can be formed at the end

of a chromosome after the loss of a telomere (44). Chromo-
somes that have undergone sister chromatid fusion are thought
to demonstrate a variety of characteristic rearrangements, in-
cluding large tandem duplications at the end of the chromo-
some and amplification of the subtelomeric regions adjacent to
the break site (44). FISH and cytogenetic analyses were per-
formed on three of the G418r/Ganr subclones to determine
whether they contained these characteristic chromosome rear-
rangements.

FISH analysis of metaphase chromosomes from clone A211
with both a chromosome 18-specific painting probe and the
31E18 BAC clone containing sequences subtelomeric to the
integration site demonstrated two indistinguishable chromo-
some 18 homologues (Fig. 5A). In contrast to the parental
A211 clone, both subclones FS-1 (Fig. 5B) and FS-2 (Fig. 5C)

FIG. 2. FISH analysis of telomeric plasmid integration sites in clones A211 and A405. (i) The location of the integration site (arrow) in A211
and A405 is demonstrated by hybridization with the pNTP-� plasmid (green). Chromosomes were counterstained with propidium iodide. (ii) The
identity of the chromosome containing the integration sites was determined by hybridization with a chromosome 18-specific painting probe for
clone A211 or a chromosome 15-specific painting probe for clone A405 (red). Chromosomes were counterstained with DAPI.
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contain one homologue of chromosome 18 that is rearranged.
In subclone FS-1, there is a large tandem duplication of chro-
mosome 18, with hybridization of the BAC clone near the
center of the chromosome. In addition, an unidentified chro-
mosome fragment that does not appear to be pericentromeric
heterochromatin has been joined on to the end of the tandem
duplication. Despite being rearranged, the marker chromo-
some was relatively stable at the time of cloning, since it was
the same in every metaphase spread examined (n � 50). FISH
analysis with a telomere-specific probe demonstrated that the
rearranged chromosome had telomeres on both ends in all of
the cells examined (Fig. 5Biv). However, no telomeric repeat
sequences were observed within the rearranged chromosome,
indicating that telomere loss preceded chromosome fusion.
Despite the stability of the rearranged chromosome in sub-
clone FS-1, the hybridization signal for the 31E18 BAC clone
is consistently enhanced in the rearranged chromosome (�5-
fold) relative to the normal homologue in the same metaphase
spread (Fig. 5Bii), demonstrating amplification of the subtelo-
meric region. This amplification of the subtelomeric DNA sug-
gests a transient period of instability in the rearranged chro-
mosome during the 6-day period between treatment with
I-SceI and selection with ganciclovir, which is required to allow
for turnover of the existing HSV-tk.

FISH analysis on subclone FS-2 demonstrated that it also
contains one normal-looking chromosome 18 and one chro-
mosome 18 that contains a large tandem duplication, with
hybridization of the BAC clone near the center (Fig. 5C). In
addition, like subclone FS-1, subclone FS-2 consistently dem-
onstrated increased hybridization of the BAC probe in the
rearranged chromosome 18 compared to the normal homo-
logue in the same metaphase spread (Fig. 5Cii), indicating
amplification of the subtelomeric BAC sequences. Subclone

FS-2 also had an unidentified chromosome fragment translo-
cated onto the end of the rearranged chromosome, although
this fragment is longer than that observed in subclone FS-1
(Fig. 5Cii). As in subclone FS-1, the rearranged chromosome
was identical in all of the cells examined and always had telo-
meres on both ends (Fig. 5Civ), and therefore it was relatively
stable at the time of isolation of this subclone. Southern blot
analysis did not show a significant increase in hybridization
with the plasmid probe in either subclone FS-1 or FS-2 com-
pared to A211 (74). However, although the formation of the
inverted repeat would duplicate the sequences in the subtelo-
meric BAC clone, it would cause a net loss in plasmid se-
quences (7 kb in the original plasmid versus 5.0 kb in FS-1 and
4.6 kb in FS-2) (Fig. 4A). An additional duplication of the
region would result in a 4-fold increase in the BAC sequences
over that found in A211 but only a 1.4-fold increase in plasmid
sequences in FS-1 and a 1.3-fold increase in FS-2 (7 kb to 10
and 9.2 kb, respectively).

FISH analysis was also performed on metaphase chromo-
somes from clone A405 and its G418r/Ganr subclone FS-3, with
either a chromosome 15-specific painting probe or the 169K7
BAC clone that contains sequences subtelomeric to the plas-
mid integration site. The results demonstrated that clone A405
contains two indistinguishable homologues of chromosome 15
(Fig. 6A). However, one of the chromosome 15 homologues in
subclone FS-3 showed considerable heterogeneity in different
cells in the population (Fig. 6B to D). This heterogeneity in
chromosome structure must have occurred after the isolation
of this subclone, because Southern blot analysis demonstrated
that all of the cells in the population contained the same
inverted repeat. Thus, the marker chromosome was still unsta-
ble at the time of isolation of subclone FS-3, despite the fact
that this subclone was isolated 6 days after the treatment with
I-SceI. In the majority of metaphase spreads in subclone FS-3,
there was no apparent duplication of chromosome 15 distal to
the subtelomeric BAC probe (Fig. 6B). However, there was
amplification of subtelomeric sequences and large duplications
on the end of the chromosome in some metaphase spreads
(Fig. 6B, C, and Di to vi). Amplification of the subtelomeric
sequences in some cells in the population was consistent with
a small but significant increase in hybridization with the plas-
mid probe by Southern blot analysis in subclones FS-3 and
FS-4 (Fig. 3).

Similar to subclones FS-1 and FS-2, fragments of unidenti-
fied chromosomes were also translocated onto the rearranged
end of the chromosome in subclone FS-3. However, unlike
subclones FS-1 and FS-2, there was extensive variability in the
lengths of these translocated fragments in different cells in the
population (Fig. 6B and C), demonstrating that extensive re-
arrangement of the chromosome occurred after cloning. None-
theless, the presence of telomeres on the end of the rearranged
chromosome 15 in all of the metaphases examined (Fig. 6Biv
and Ci to iv) suggests that the rearranged chromosome 15 was
stable in most cells at the time of analysis. Consistent with this
conclusion, the structure of the rearranged chromosome was
the same in all metaphases examined within each of the 20
second-generation subclones examined, although there was ex-
tensive heterogeneity in the structure of the rearranged chro-
mosome among the different second-generation subclones.
Nonetheless, there was some degree of instability in the

FIG. 3. Southern blot analysis of genomic DNA from clone A405
and its G418r/Ganr subclones FS-3 and FS-4. Genomic DNA was
digested with either SspI or EcoRI and separated by standard agarose
gel electrophoresis. Hybridization was performed with the pNTP-�
plasmid as a probe. The lighter bands that are the same size in all three
cell lines are due to cross-hybridization of the probe with the mouse
endogenous pgk promoter. The location of DNA size markers and the
limit of resolution (LOR) are shown.
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FIG. 4. Cloning and analysis of inverted repeats in the G418r/Ganr

subclones isolated from the mouse ES cell clones. (A) The structure of
the integrated pNPT-tel plasmid in the parental A211 is compared
with the inverted repeats in the FS-1 and FS-2 subclones. Similarly, the
structure of the integrated pNPT2-tel plasmid in the parental A405
clone is compared with the inverted repeats in the FS-3 and FS-4
subclones. The fragments cloned by PCR for A211 or by plasmid
rescue for A405 are indicated (heavy horizontal lines), as are the sizes
of the restriction fragments consistent with Southern blot analysis of
genomic DNA (light horizontal lines). The recognition site for I-SceI
is indicated, as are some of the restriction enzymes used for mapping
and Southern blot analysis, including BclI (B), BamHI (Bm), EcoRI
(E), SacI (Sa), and SspI (Ss). The locations of the adjacent cellular
DNA (chromosome 18 for A211 and chromosome 15 for A405), pSP73
vector sequences (amp/ori), neo gene (neo), HSV-tk gene, and telo-
meric repeat sequences are shown. The location of the oligonucleotide
primers (arrows) used to amplify the fragments from subclones FS-1
and FS-2 and the locations of sites of recombination (heavy vertical
bars) are shown. (B) Comparison of nucleotide sequences at the sites
of recombination in the G418r/Ganr mouse ES cell subclones. The
nucleotide sequences at the site of recombination in subclones FS-1
and FS-2 are compared with the sequence of the neo (neo) and am-
picillin resistance (amp) genes. The nucleotide sequence at the site of
recombination in subclone FS-3 is compared with sequences of the
HSV-tk gene (tk) in opposite orientations. Nucleotides that are iden-
tical between sequences (asterisks) or show complementarity between
the sequences at the site of recombination (boldface) are indicated.

4842 LO ET AL. MOL. CELL. BIOL.



marker chromosome in the FS-3 subclone, since dicentrics
involving the marker chromosome were observed in 4 of the
100 metaphases analyzed (Fig. 6Div, vi, viii, and x). Hybridiza-
tion with the 561P12 PAC clone that contains sequences near
the center of chromosome 15 demonstrated that one of these

dicentric chromosomes was composed of two copies of chro-
mosome 15 (Fig. 6Diii), while others involved fusion of chro-
mosome 15 with other chromosomes (Fig. 6Dvii and ix). No
hybridization with the telomeric repeat sequence probe was
apparent at internal sites within the rearranged chromosomes,

FIG. 5. Chromosome rearrangements in the FS-1 and FS-2 subclones isolated from clone A211. Metaphase spreads from clone A211 (A) and
its subclones FS-1 (B) and FS-2 (C) were hybridized with both chromosome 18-specific painting (red) and subtelomeric BAC 31E18 (green) probes
(i). An enlarged view of the chromosome 18 homologues (ii) and reverse video of the blue channel showing the DAPI GC banding (iii) are also
shown. A different metaphase spread hybridized with both chromosome-18-specific (red) and telomere-specific (green) probes is shown for clone
A211 and its subclones, FS-1 and FS-2 (iv). The open arrows point to the normal chromosome-18 homologues, while the closed arrow points to
the rearranged chromosome 18.
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FIG. 6. Chromosome rearrangements in the FS-3 subclone isolated from clone A405. Metaphase spreads of the parental clone A405 (A) and
subclone FS-3 (B) were hybridized with both chromosome-15-specific painting (red) and subtelomeric BAC 169K7 (green) probes (i). An enlarged
view of the chromosome-15 homologues (ii) and reverse video of the blue channel showing the DAPI GC banding (iii) are also shown. A different
metaphase spread hybridized with both chromosome 15-specific (red) and telomere-specific (green) probes (iv) is also shown for clone A405 and
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demonstrating that the translocations and dicentric chromo-
somes involving the marker chromosome and other chromo-
somes involved the loss of the ends of the chromosomes con-
taining the telomere.

Isolation and DNA sequence analysis of inverted repeats
resulting from spontaneous telomere loss in a human tumor
cell line. Inverted repeats similar to those found in the mouse
ES cell subclones were also observed on the end of a marker
chromosome in G418r/Ganr subclones isolated from the EJ-30
human tumor cell line after spontaneous telomere loss. Mul-
tiple clones of EJ-30 that have a single copy of the pNCT-tel
plasmid integrated at a telomere were isolated (19). Like
pNPT-tel, the pNCT-tel plasmid contains an HSV-tk gene for
negative selection in ganciclovir (Fig. 7A). However, unlike the
mouse ES cell clones, the clones of the EJ-30 cell line dem-
onstrated a high rate of spontaneous inactivation of the
HSV-tk gene. The analysis of G418r/Ganr subclones showed
that most of them had nontelomeric DNA joined on the end of
the marker chromosome. We previously reported that two of
these G418r/Ganr subclones contained inverted repeats on the
end of the chromosome (19). In subclone G55, the recombi-
nation site occurred within the HSV-tk gene at nearly the same
location in both plasmids (Fig. 7A). However, like subclone
FS-4, the site of recombination could not be sequenced, ap-
parently due to the presence of the nearly perfect inverted
repeat. In subclone G71, the inverted repeats resulted from
recombination between sequences that were originally 1.3 kb
apart and included the insertion of a small fragment of cellular
DNA (Fig. 7A). There was 1 bp of complementarity on one
end of the insertion, and no complementarity on the other end
(Fig. 7B). In both subclones, the structures of the rescued
fragments are consistent with the size of the fragments de-
tected in genomic DNA by Southern blot analysis.

We have now rescued the plasmid sequences from two ad-
ditional G418r/Ganr subclones of EJ-30: G45 and G65. These
two subclones were selected because, unlike subclones G55
and G71, they did not appear to have amplified the plasmid
sequences (see Fig. 2B in Fouladi et al. [19]). The plasmid
sequences and adjacent cellular DNAs from G45 and G65
were rescued after digestion of genomic DNA with AccI. Nu-
cleotide sequence analysis demonstrated that these subclones
also contain inverted repeats on the end of the marker chro-
mosome (Fig. 7A). However, unlike subclones G55 and G71,
they contain plasmid sequences on one end of the inverted
repeat and cellular sequences proximal to the integration site
on chromosome 16 on the other end. The plasmid and cellular
sequences at the site of recombination in subclones G45 and
G65 were originally 9.8 and 8.7 kb apart, respectively. There

are 3 bp of complementarity at the recombination site in sub-
clone G45 and 1 bp of complementarity at the recombination
site in subclone G65 (Fig. 7B). The structure of the cloned
fragments was consistent with Southern blot analysis, which
demonstrated 2.5- and 4.5-kb BamHI bands in subclone G45
and a single large BamHI band in subclone G65 (see Fig. 2B in
Fouladi et al. [19]). Thus, all four G418r/Ganr subclones ana-
lyzed from the EJ-30 cell line also demonstrated inverted re-
peats similar to those found in the G418r/Ganr mouse ES cell
subclones.

DISCUSSION

The inverted repeats and large duplications on the end of
the marker chromosomes in the G418r/Ganr mouse ES cell
(Fig. 4, 5, and 6) and human EJ-30 tumor cell (Fig. 7) (19)
subclones are consistent with a mechanism involving sister
chromatid fusion. Sister chromatid fusion would result in a
dicentric chromosome that would break during cell division,
generating an inverted repeat on the end of the chromosome in
one daughter cell and a terminal deletion in the other daughter
cell (Fig. 8). We have previously reported that the most com-
mon event observed in the mouse ES cell G418r/Ganr sub-
clones is the addition of a new telomere to the site of the break
(74). The results presented here suggest that sister chromatid
fusion is the most common event in cells that fail to add a
telomere to the end of the broken chromosome. Similar results
were obtained in the EJ-30 human tumor cell line (Fig. 7) (19),
although in these cells sister chromatid fusion occurred much
more frequently than telomere addition. Earlier cytogenetic
studies have concluded that sister chromatid fusions occur
after the loss of a telomere in maize (44) and that they are the
initial event in gene amplification in hamster cells (43, 71, 77).
Sister chromatid fusion has also been proposed as a mecha-
nism for the creation of the inverted duplications on the ends
of chromosomes in human genetic disease (18, 30) and for
gene amplification in human cancer (29, 69).

The presence of inverted repeats in our study contrasts with
the types of recombination events associated with I-SceI-in-
duced DSBs at interstitial sites in mammalian cells. The intro-
duction of DSBs at specific locations within the I-SceI endo-
nuclease has been used to study both homologous
recombination and nonhomologous end joining (NHEJ) at
interstitial sites in mammalian cells (32, 40, 60, 61, 65, 67). The
repair of I-SceI-induced DSBs by homologous recombination
can involve nonreciprocal recombination (32, 61) or single-
strand annealing (57) with few detectable chromosome rear-
rangements. The repair of I-SceI-induced DSBs in a single

subclone FS-3. The open arrows point to the normal chromosome 15 homologues, while the closed arrows point to the rearranged chromosome
15. (C) Heterogeneity of the rearranged chromosomes in the different second-generation subclones of FS-3 (i to iv) as indicated by the variable
lengths of the translocated fragments from other chromosomes. The junction of the rearranged chromosome (arrow) is indicated by the BAC
169K7 subtelomeric signal (green). Hybridization with the telomere-specific probe (red) is observed at both ends of these rearranged chromo-
somes, but no telomere-specific hybridization was observed within the rearranged chromosome. The normal (open arrow) and rearranged (closed
arrow) homologues from the same metaphase spreads are shown for comparison. (D) Complex rearrangements involving the marker chromosome.
A variety of large duplications (i and ii) and dicentric chromosomes (iii to x) are shown. The upper panel shows hybridization with subtelomeric
BAC 169K7 (green, arrow in panels i and v) or the PAC 561P12 originally located in the center of chromosome 15 (green, open arrows in panels
iii, vii, and ix), while the lower panel shows the corresponding DAPI GC banding by reverse video of the blue channel. Dicentric chromosomes
were identified by the presence of pericentric heterochromatin (darkly stained regions) on both ends in the metaphase spreads stained with DAPI.
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stably integrated selectable marker gene by NHEJ most often
involves very small deletions of less than 100 bp, although some
larger deletions have also been occasionally observed (39, 40,
65, 67). Complex chromosome rearrangements resulting from
single I-SceI-induced breaks at interstitial sites are relatively
uncommon. In one study of 253 I-SceI-induced mutations in an
HSV-tk gene in mouse fibroblasts, 12.6% were found to have
complex rearrangements, although the actual recombination
events were not characterized (40). Amplification of a dihy-
drofolate reductase gene proximal to an I-SceI site in Chinese
hamster fibroblasts appeared to result from B/F/B cycles; how-
ever, this type of event was rare compared to deletions (57). In
contrast, chromosome translocations are a relatively common
event (9 of 43) after I-SceI-induced DSBs within homologous
sequences on two different chromosomes (60).

There are several possible explanations for the different
spectrum of recombination events observed at interstitial and
telomeric sites. One explanation is that the model systems used
in the various studies select for different types of events. In the
present study, the I-SceI sites were not located within the
coding sequence of the selectable marker gene and therefore
would not have been able to pick up small deletions. The

failure to observe telomere addition or fusions at interstitial
sites could also result from the fact that the loss of the end of
the chromosome would often be lethal due to the loss of
essential genes. As a result, both chromosome healing and
chromosome fusion would be selected against at interstitial
sites. Finally, the different types of events observed at intersti-
tial and telomeric sites could reflect the differences in chroma-
tin structure (35, 78) or diminished DNA repair capabilities
(34, 55) within telomeric regions. Regardless of the mecha-
nism, it is clear from our observations that DSBs occurring
near the ends of chromosomes can result in extensive chromo-
some rearrangement and prolonged periods of chromosome
instability.

Nucleotide sequence analysis of the sites of recombination
suggests that NHEJ is the mechanism involved in the forma-
tion of inverted repeats in both the mouse ES cell and human
EJ-30 tumor cell lines. The recombination junctions in the
mouse ES cell subclones contained 1 to 4 bp of complemen-
tarity, while the recombination junctions in the EJ-30 sub-
clones had 0 to 3 bp of complementarity (Table 1). In one
EJ-30 subclone, a short fragment of human DNA was found
inserted between the inverted plasmid sequences at the recom-

FIG. 7. Cloning and analysis of inverted repeats in G418r/Ganr subclones isolated from the human EJ-30 tumor cell line. (A) The structure of
the integrated pNCT-tel plasmid in the parental EJ-30 clone is compared with inverted repeats in the G55, G71, G45, and G65 subclones. The
fragments cloned by plasmid rescue are indicated (heavy horizontal lines), as are the sizes of the restriction fragments that are consistent with bands
observed by Southern blot analysis of genomic DNA (light horizontal lines). The recognition sites are shown for some of the restriction enzymes
used for mapping and Southern blot analysis, including AccI (Ac), BamHI (Bm), SspI (Ss), XbaI (Xb), and XhoI (Xh). The locations of the adjacent
cellular DNA (chromosome 16p), pSP73 vector sequences (amp/ori), neo gene (neo), HSV-tk gene, telomeric repeat sequences, and sites of
recombination (black vertical bars) are shown. (B) Nucleotide sequences at the sites of recombination in the G418r/Ganr subclones from EJ-30.
The nucleotide sequences at the sites of recombination at either end of the187-bp insert in subclone G71 are compared with human DNA sequence
from chromosome 13 (Ch13), a sequence from the HSV-tk gene (tk), and a sequence from the cytomegalovirus (CMV) promoter. The nucleotide
sequence at the site of recombination in subclone G45 is compared with the sequence in the HSV-tk gene (tk) and the sequence 4.9 kb from the
integration site in chromosome 16 (contig no. NT_000669) in the opposite orientation (Ch16). The nucleotide sequence at the site of recombi-
nation in subclone G65 is compared with sequences in the CMV promoter on the HSV-tk gene (CMV) and the sequence 6.3 kb from the
integration site in chromosome 16 in the opposite orientation (Ch16). Nucleotides that are identical between sequences (asterisks) or show
complementarity between the sequences at the site of recombination (boldface) are indicated.
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bination junction. Similar junctions with little or no comple-
mentarity (40, 56, 64, 65, 67) and insertions of short fragments
of cellular DNA (23, 38, 40, 48, 56, 63, 67) have been previ-
ously observed during repair of DSBs by NHEJ in mammalian
cells.

Because the DSBs were generated at a known location with
the I-SceI endonuclease in the mouse ES cell subclones, the
size of the deletions occurring on the ends at the site of the
break could be precisely determined (Table 1). In clone A211,
the I-SceI site is located immediately distal to the neo gene
(Fig. 1A). Therefore, because the FS-1 and FS-2 subclones
were coselected with G418, at least one of the plasmid se-
quences had to retain the neo gene. As expected, one of the
DNA ends had recombined very close to the I-SceI site. How-
ever, deletions of 2.6 and 3.0 kb occurred on the other DNA
end (Fig. 4). In the two A405 subclones, where the I-SceI site
is located further away from the neo gene, deletions were
observed in all four of the DNA ends generated by I-SceI.
These deletions ranged from 0.5 to 1.8 kb, although it cannot
be ruled out that deletions in A405 are required to inactivate
the HSV-tk gene which is proximal to the I-SceI site.

Unlike the mouse ES cell studies, the size of the deletions in

TABLE 1. Extent of deletions and complementarity at the
recombination sites in G418r/Ganr subclones

Cell line Subclone Deletiona Complem
entarity (bp)b

A211 FS-1 17 bp/3.0 kb 4
FS-2 8 bp/2.6 kb 1

A405 FS-3 0.5 kb/1.8 kb 4
FS-4 1.0 kb/1.0 kb ND

EJ-30 G55 �0 bp ND
G71 �1.3 kb 1/0c

G45 �9.8 kb 3
G65 �8.7 kb 1

a The distance from the recombination site to the I-SceI site in the A211 and
A405 subclones and/or the distance between the sequences at the recombination
site in the EJ-30 subclones is indicated. If we assume a single event initiated
recombination in the EJ-30 subclones, the difference in the location in the
plasmids would represent the minimum amount of degradation.

b Complementarity at the recombination site. The recombination site in some
subclones could not be sequenced (ND � not determined), apparently due to the
presence of a perfect inverted repeat.

c Complementarity on either end of a 187-bp insert of human DNA.

FIG. 8. Possible mechanisms for the generation of inverted repeats and rearrangement of the marker chromosome. A DSB in a chromosome
before or during DNA replication or DSBs in both sister chromatids after DNA replication results in sister chromatid fusion. Due to the presence
of two centromeres, the fused sister chromatids break during anaphase, resulting in the transfer of an inverted repeat to the end of one of the
chromosomes. After cell division, the absence of a telomere on the broken chromosome leads to additional fusions, either between sister
chromatids or with other chromosomes. (A) Due to the absence of a telomere, after replication the sister chromatids again fuse and break in the
next cell cycle, resulting in further amplification of the subtelomeric DNA sequences and a large duplication on the end of the chromosome. The
acquisition of a telomere by translocation from another chromosome then stabilizes the broken chromosome. Alternatively, if a new telomere is
not acquired, the chromosome can undergo further rounds of sister chromatid fusion or fuse with other chromosomes. (B) The broken
chromosome can also fuse with another chromosome. The dicentric chromosome breaks during anaphase when the two centromeres are pulled
to opposite daughter cells, resulting in a translocation of the other chromosome to the end of the marker chromosome. The acquisition of a
telomere then stabilizes the broken chromosome. Alternatively, if a new telomere is not acquired, the chromosome can undergo sister chromatid
fusion or again fuse with another chromosome. The telomeres (u), centromeres (E), and subtelomeric sequences (‹) on the marker chromosome
are indicated.
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the G418r/Ganr subclones isolated from the EJ-30 tumor cell
line could not be determined because the location of the ini-
tiating event was not known. In view of the close proximity of
the sites of recombination, it is likely that a single event that
occurred prior to or during DNA replication was involved.
Thus, the differences in the site of recombination in the two
sequences involved in the inverted repeat would be due to
differences in the amount of degradation from the two ends.
The plasmid and cellular sequences at the site of recombina-
tion in subclones G45 and G65 were originally 9.8 and 8.7 kb
apart (Table 1), respectively, indicating that the deletions in
the human EJ-30 tumor cell line are often larger than those
occurring in the mouse ES cell line.

Consistent with the results for the mouse ES cell and human
EJ-30 tumor cell lines, gross chromosome rearrangements re-
sulting from telomere loss in yeast cells were also found to
commonly involve large deletions (25). Although there is no
previously published report on the extent of DNA degradation
during chromosome fusion in mammalian cells, deletions have
been observed in a number of studies involving repair of DSBs
generated by I-SceI at interstitial sites. In one study, deletions
of several kilobases were observed after intrachromosomal
NHEJ at a DSB induced by I-SceI in the adenosine phospho-
ribosyltransferase gene in hamster cells, although the majority
of mutants had deletions of less than 34 bp (67). Similarly, a
study of I-SceI-induced DSB in the HSV-tk gene in mouse
fibroblasts found that most deletions were less than 90 bp (40).
However, larger deletions of up to 2.4 kb were observed at sites
of NHEJ in translocations induced by two I-SceI sites on dif-
ferent chromosomes in mouse ES cells, suggesting that large
deletions may be associated with interchromosomal recombi-
nation events (60).

Large inverted repeats have been demonstrated to be hot-
spots for recombination in Escherichia coli (10, 49), Saccharo-
myces cerevisiae (42), and mammals (1, 20, 81). Secondary
recombination events might therefore have been responsible
for the deletions on the two ends involved in the formation of
the inverted repeat, since an absence of symmetry can increase
the stability of inverted repeats (1, 42). However, deletions
within the inverted repeats did not appear to occur during
PCR or cloning in bacteria. Multiple DNA clones were rescued
from each G418r/Ganr subclone, and all had structures that
were consistent with plasmid sequences found within the
genomic DNA as shown by Southern blot analysis. Thus, the
inverted repeats were relatively stable in the bacterial strains
used in our study, which contain mutations that increase the
stability of inverted repeats. Although it is not possible to rule
out secondary recombination events within the ES or EJ-30
subclones, Southern blot analysis did not reveal any polymor-
phism in the structure of the apparently perfect inverted re-
peats in the mouse ES cell subclone FS-4 (Fig. 3) or human
EJ-30 subclone G55 (19).

The results presented here for the mouse ES cell subclones,
like those obtained previously with the human EJ-30 tumor cell
subclones (19), demonstrate that the loss of a telomere can
promote chromosome instability. Although stable at the time
of selection, the marked chromosome in subclones FS-1 and
FS-2 had an approximately fivefold amplification of the subte-
lomeric BAC sequences and translocations from other chro-
mosomes, indicating that multiple recombination events had

occurred during the 6-day period between I-SceI treatment and
selection. In addition, the marked chromosome in subclone
FS-3 was highly unstable at the time of selection, as demon-
strated by (i) the amplification of the subtelomeric sequences
in some cells, (ii) the heterogeneity in the length of the dupli-
cations on the end of the chromosome, (iii) the variability in
the lengths of the fragments of other chromosomes joined to
the end, and (iv) the presence of dicentric chromosomes in-
volving the marker chromosome and other chromosomes in
some cells. The rearrangements that are observed in all three
mouse ES cell subclones are consistent with B/F/B cycles (Fig.
8) and are similar in many respects to the types of rearrange-
ments we previously observed in the EJ-30 subclones contain-
ing inverted repeats on the end of the marker chromosome
(19). B/F/B cycles have previously been associated with sister
chromatid fusion in maize (44) and in gene amplification in
hamster cells (12, 43, 71, 77). Furthermore, B/F/B cycles re-
sulting from telomere loss have been associated with chromo-
some instability in early-passage human tumor cell cultures
(21). High-copy gene amplification in human tumor cells does
not usually occur through B/F/B cycles (6, 26). However, B/F/B
cycles have been found to be involved in low-copy gene am-
plification and have been proposed to serve as an early event in
some high-copy gene amplification in human cancer (29, 69,
70). Telomere loss may also contribute to other types of chro-
mosome rearrangements, such as nonreciprocal translocations
commonly observed in tumor cells (58). Secondary events in-
volving other chromosomes have been observed during gene
amplification in hamster cells (77) and after telomere loss in
cells from telomerase-deficient mice (3). The results presented
here and by others (3, 66) also demonstrate that nonreciprocal
translocations are a common event after telomere loss. Finally,
the large inverted repeats generated by the sister chromatid
fusions could also generate additional chromosome rearrange-
ments, since it has been demonstrated that the hairpin struc-
tures formed by inverted repeats are hotspots for recombina-
tion (1, 10, 20, 42, 49, 81).

The extent of chromosome instability after telomere loss can
be influenced by a variety of factors. The status of cell cycle
checkpoints, which are commonly defective in cancer cells,
could prevent B/F/B cycles through the elimination of cells
containing dicentric or broken chromosomes (37). In this re-
gard, both the EJ-30 human tumor cell line (11, 46) and mouse
ES cells have been demonstrated to lack p53-dependent cell
cycle checkpoints (2). As first proposed by McClintock, the
addition of telomeres onto the ends of broken chromosomes
can also influence both the initiation and duration of B/F/B
cycles (44). The mouse ES cell line would appear to be rela-
tively efficient in the addition of telomeres onto the ends of
broken chromosomes compared to the EJ-30 human tumor
cell line. Most of the G418r/Ganr subclones isolated from the
mouse ES cell line have telomeres added onto the ends of the
broken chromosomes (74), while most G418r/Ganr subclones
isolated from the EJ-30 human tumor cell line have nontelo-
meric DNA joined to the end (19). In addition, the marker
chromosome in the mouse ES cell subclone FS-3 always had
telomeres and was stable in second-generation subclones,
whereas the marker chromosomes in the EJ-30 subclone G71
often lacked telomeres and were unstable in many second-
generation subclones. Thus, the high degree of chromosome
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instability in the human EJ-30 tumor cell line may result not
only from an increased rate of spontaneous telomere loss but
also from a reduced ability to add telomeres onto the broken
ends and thereby prevent or terminate B/F/B cycles.
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