
Telomerase-dependent and independent chromosome healing in
mouse embryonic stem cells

Qing Gao1, Gloria E. Reynolds1, Andrew Wilcox1, Douglas Miller1, Peggie Cheung2, Steven
E. Artandi2, and John P. Murnane1*

1Department of Radiation Oncology, University of California, San Francisco, California 94103

2Department of Medicine, Division of Hematology, and Cancer Biology Program, Stanford School of
Medicine, Stanford, California 94305

Abstract
Telomeres play an important role in protecting the ends of chromosomes and preventing chromosome
fusion. We have previously demonstrated that double-strand breaks near telomeres in mammalian
cells result in either the addition of a new telomere at the site of the break, termed chromosome
healing, or sister chromatid fusion that initiates chromosome instability. In the present study, we
have investigated the role of telomerase in chromosome healing and the importance of chromosome
healing in preventing chromosome instability. In embryonic stem cell lines that are wild type for the
catalytic subunit of telomerase (TERT), chromosome healing at I-SceI-induced double-strand breaks
near telomeres accounted for 22 of 35 rearrangements, with the new telomeres added directly at the
site of the break in all but one instance. In contrast, in two TERT-knockout embryonic stem cell lines,
chromosome healing accounted for only 1 of 62 rearrangements, with a 23 bp insertion at the site of
the sole chromosome-healing event. However, in a third TERT-knockout embryonic stem cell line,
10PTKO-A, chromosome healing was a common event that accounted for 20 of 34 rearrangements.
Although this chromosome healing also occurred at the I-SceI site, differences in the microhomology
at the site of telomere addition demonstrated that the mechanism was distinct from that in wild type
embryonic stem cell lines. In addition, the newly added telomeres in 10PTKO-A shortened with time
in culture, eventually resulting in either telomere elongation through a telomerase-independent
mechanism or loss of the subtelomeric plasmid sequences entirely. The combined results demonstrate
that chromosome healing can occur through both telomerase-dependent and independent
mechanisms, and that although both mechanisms can prevent degradation and sister chromatid
fusion, neither mechanism is efficient enough to prevent sister chromatid fusion from occurring in
many cells experiencing double-strand breaks near telomeres.
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1. Introduction
Telomeres are DNA-protein complexes containing DNA repeat sequences that are added on
to the ends of chromosomes by telomerase [1,2]. Telomeres serve multiple functions, including
protecting the ends of chromosomes [3] and preventing chromosome fusion [4]. In humans,
telomeres are maintained in germ line cells, but shorten with age in most somatic cells due to
the lack of sufficient telomerase activity [4]. Telomere shortening in somatic cells eventually
leads to replicative cell senescence due to the inability of the telomere to form a cap that protects
the end of the chromosome [5–7]. Primary human fibroblasts that fail to senesce continue to
show telomere shortening and eventually enter crisis, which involves increased chromosome
fusion, aneuploidy, and cell death [8]. Thus, the ability to maintain telomeres is considered to
be an important step in carcinogenesis, not only to avoid senescence, but also to avoid the
extensive chromosome fusion during crisis [8,9]. Consistent with this hypothesis, human tumor
cells commonly demonstrate the ability to maintain telomeres, either through expression of
telomerase or through an alternative mechanism involving recombination [10,11].

Telomere loss results in chromosome instability both by allowing degradation of the ends of
chromosomes and by promoting chromosome fusion. Chromosome instability due to telomere
loss in yeast results mostly through degradation of the end of the chromosome [12]. Although
degradation of the ends of chromosomes following telomere loss also occurs in mammalian
cells [13], the resulting instability is less extensive than that resulting from chromosome fusion
[14,15]. Fusion can occur between sister chromatids, or between different chromosomes if
telomeres are lost on more than one chromosome [16]. Chromosome fusion results in
chromosome instability through breakage/fusion/bridge (B/F/B) cycles, when chromosomes
repeatedly fuse and break for many cell generations. B/F/B cycles involving sister chromatid
fusions result in gene amplification and chromosome translocations [14,15], both of which are
important chromosome aberrations associated with cancer [17,18].

Telomeres that have been lost can be restored, a process called chromosome healing. In yeast
and Tetrahymena, chromosome healing can occur by de novo addition of telomeric repeat
sequences on to the ends of chromosomes by telomerase [19,20]. De novo telomere addition
by telomerase is inhibited by the Pif1 helicase, which has been proposed to be a mechanism
for preventing telomerase from competing with double-strand break (DSB) repair mechanisms
[21]. Chromosome healing has also been observed in humans, where it is responsible for
terminal deletions resulting in genetic disease [22–24]. In addition, de novo addition of
telomeres by telomerase has been demonstrated in vitro with human cancer cell extracts [25].
Despite this evidence that de novo addition of telomeres can occur in human cells, there is little
evidence that chromosome healing occurs at most DSBs in mammalian cells, even when
telomerase is expressed. In mammalian cells, telomeric repeat sequences are not found at most
ionizing radiation or enzyme-induced DSBs [26–29], and the expression of telomerase has
little effect on the cellular response to DSBs [30]. This lack of chromosome healing may be
due to low levels of telomerase compared to DSB repair proteins, or because de novo telomere
addition by telomerase in mammalian cells is actively suppressed, as it is in yeast [21].

Despite the lack of evidence for chromosome healing at most DSBs in mammalian cells, we
have observed that DSBs near telomeres in mouse embryonic stem (ES) cells commonly result
in either chromosome healing or sister chromatid fusion [13,31]. Because neither of these types
of events have been observed at DSBs at interstitial sites, their occurrence at DSBs near
telomeres is likely to be due to the proximity of the telomere. One possible explanation is that
chromosome healing involves recombination between the DSB and existing telomeric repeat
sequences. In fact, direct telomere addition to the ends of a transfected plasmid sequences have
been observed [32] in a cell line that was subsequently demonstrated to be telomerase deficient
and maintain telomeres through an alternative pathway [33]. Alternatively, de novo telomere
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addition by telomerase may be more efficient near telomeres. Studies in yeast have shown that
de novo telomere addition by telomerase preferentially occurs near existing telomeric repeat
sequences, which appear to serve as a localization site for telomere-associated proteins [19].
Sister chromatid fusion also may be more likely to occur near telomeres, since DSBs in
subtelomeric regions in yeast are not efficiently repaired by nonhomologous end joining
(NHEJ), and therefore result in gross chromosomal rearrangements [34]. In fact, telomeres
may actively suppress the repair of DSBs to prevent chromosome fusion, since telomeric repeat
sequences in yeast have been shown to suppress the activation of cell cycle checkpoints in
response to DSBs [35]. In addition, the human TRF2 protein, which is required to prevent
chromosome fusion, has been demonstrated to inhibit ATM, which is instrumental in activating
the cellular response to DSBs [36]. This selective inhibition of DSB repair near telomeres may
mean that chromosome healing is an important mechanism for preventing chromosome fusion
and instability as a result of DSBs occurring within subtelomeric regions.

In view of the potential for chromosome healing to prevent chromosome instability due to
telomere loss, we are investigating the mechanisms of chromosome healing and its regulation
in mammalian cells. In the current study, we have conducted experiments to address whether
chromosome healing in mammalian cells involves telomerase or recombination, and whether
chromosome healing is important in preventing degradation and chromosome instability due
to DSBs near telomeres. These experiments utilize mouse ES cell lines that contain selectable
marker genes and a recognition site for I-SceI endonuclease that are located adjacent to a
telomere. ES cell clones containing these telomeric selectable marker genes and I-SceI site
were previously used to study chromosome healing and chromosome instability resulting from
DSBs near telomeres [13,31]. Transgenic mice established from one of these ES cell clones
have now been bred with mice containing a knockout of the TERT gene for the catalytic subunit
of telomerase to generate ES cell lines that are wild type or homozygous for knockout of
TERT. TERT knockout cell lines were chosen over knockdown of TERT using iRNA to insure
complete elimination of telomerase activity. These wild type and TERT knockout ES cell lines
were then used to determine the influence of telomerase on chromosome healing and sister
chromatid fusion following I-SceI-induced DSBs near a telomere.

2. Materials and methods
2.1. Plasmids

The pPPT2-tel plasmid used for generation of the ES cell clone 10P and the 10P mice was
created from the pNPT-tel plasmid [13] by replacement of the neo gene with the
puromycinresistance (puro) gene [37]. pPPT2-tel therefore contains a puro gene with an HSV-
tk promoter for positive selection in puromycin, a Herpes simplex virus thymidine kinase
(HSV-tk) gene with a mouse pgk gene promoter for negative selection in ganciclovir, and 0.8
kb of telomeric repeats for seeding the formation of new telomeres following integration (Fig.
1).

2.2. Establishment of ES cell clones and transgenic mice containing telomeric plasmid DNA
The methods for establishment and characterization of ES cell clones containing telomeric
plasmids has been previously described [13,31]. The linearized pPPT2-tel plasmid containing
the telomeric repeat sequences on one end was transfected into the ES cells, and clones
containing stably-integrated plasmid were selected with puromycin. The puromycin-resistant
ES cell clones were then screened by Southern blot analysis for clones in which a single copy
of the plasmid had become the new telomere on a chromosome, as indicated by the large size
of the band containing the telomeric repeat sequences. The telomeric integration site was then
confirmed by fluorescent in situ hybridization, sequencing of the rescued plasmid sequences
and adjacent cellular DNA, and Southern blot analysis following digestion with BAL31
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nuclease [37]. The location of the newly seeded telomere was determined by sequence analysis
of host DNA to be 1.4 Mb from the original end of chromosome 11 (Genbank Accession No.
EF503725). The 10P transgenic mouse strain was established from the 10P ES cell clone in
conjunction with the UCSF Transgenic Core Facility as previously described [38]. Briefly, ES
cells were injected into blastocysts from C57BL/6J mice, and the resulting chimeric mice were
bred with C57BL/6J mice to generate the 10P mouse strain containing the telomeric plasmid
DNA. Polymerase chain reaction (PCR) with primers specific for the HSV-tk gene, and
Southern blot analysis of tail DNA using a pNTPΔ probe, was employed to identify mice that
contained the telomeric plasmid sequences, using protocols described for analysis of ES cell
lines [31].

2.3. TERT knockout mice
TERT knockout mice were generated by homologous recombination in mouse embryonic stem
cells. A genomic TERT fragment incorporating exons 3–8 was subcloned from an TERT BAC.
The targeting plasmid was designed to delete exons 3–6, which includes much of the reverse
transcriptase domain essential for mTert function. A puromycin positive selection cassette
flanked by loxP sites was inserted in intron 2, and negative selection was achieved with a
diphtheria toxin gene cassette. The targeting plasmid was transfected into J1 ES cells by
electroporation. Puromycin-resistant ES colonies were analyzed by Southern blot analysis
using both 5' and 3' probes to identify homologous recombinants. A correctly targeted ES clone
was used to generate chimeric mice through blastocyst complementation and these chimeric
mice were intercrossed with C57BL/6 mice to achieve germline transmission of the TERT null
allele. Pups were screened for germline transmission by coat color and PCR for the targeted
allele. To delete the puromycin cassette, TERT heterozygous mice were intercrossed with a
CMV-Cre transgenic line and the offspring were screened by PCR (data not shown).

2.4. Isolation of ES cell lines from transgenic/knockout mice
The ES cell lines derived from the 10P × TERT knockout mice were established as previously
described [39]. Briefly, blastocysts were collected by flushing out the uterine horns of 3.5-day
postcoitum mice with M2 media (Sigma). The blastocysts were then transferred individually
into 10-mm tissue culture wells containing a layer of PMEF feeder cells (Specialty Media) in
ES media, and were cultured at 37 °C in a 5% CO2 humidified incubator for approximately 10
days. The inner-cell-mass-derived outgrowths were trypsinized and transferred into new tissue
culture wells containing PMEF feeder cells. After 4 days in culture, the ES-cell-like clumps
were selected, expanded, and frozen for future use. The ES cell lines were then screened for
pPPT2-tel using primers specific for the HSV-tk gene [31], primers specific for wild type
TERT (449 bp band using GCCAGCAATCAACTGACACTCG and
ATGGGAACTTGGGAAGGAGAAGGG primers), and knockout TERT (545 bp band using
GCCAGCAATCAAACTGACACTCG and AATGCTTGAGGGGAACCAGAGG primers).
These ES cell lines are not isogenic, since the mice that they were established from have both
129 and C57BL/6 backgrounds.

2.5 Analysis of telomerase activity in ES cell clones
Telomerase activity was determined using the TRAPeze XL Telomerase Detection Kit
(Millipore). The preparation of cell extracts from 1000 cells, and the assay procedure were
performed according to manufacturer’s instructions. Individual sample values were determined
using a Versa Fluor Fluorometer (BioRad).

2.6. Transfection with I-SceI and selection for loss of the HSV-tk gene
Expression of I-SceI endonuclease was achieved by transient transfection with the pCBASce
plasmid. pCBASce contains the I-SceI gene with a chicken β-actin promoter, and has
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previously been shown to provide a high efficiency of cutting at I-SceI sites in mammalian
cells [40]. Thirty micrograms of pCBASce was electroporated into 5 × 106 cells. The next day,
the cells were plated at 2 × 105 cells per 100 mm tissue culture dish, and after culturing for 6
days to allow turnover of existing HSV-tk [41,42], selection was performed using medium
containing 2 µM ganciclovir and 2 µg/ml puromycin. Individual colonies were then selected
for analysis after approximately 2 weeks.

2.7. Southern blot analysis
Genomic DNA was purified by high-salt extraction. Cell pellets were washed and resuspended
in STE (0.02 M Tris HCl, 0.01 M EDTA, 0.1 M NaCl, pH 8.5). Sodium dodecyl sulfate (Sigma)
was then added to a final concentration of 0.5% and the lysed cells were heated at 60°C for 10
minutes. RNAse A (Sigma) was added to a final concentration of 50 µg/ml and the lysed cells
incubated at 37°C for 4 hours, followed by the addition of Proteinase K (Sigma) to a final
concentration of 32 µg/ml and incubation overnight at 37°C. 5M NaCl was then added to a
final concentration of 1.4 M, and the samples chilled on ice for 30 minutes. The lysis solution
was then centrifuged at 3,000 g, and the clear DNA solution removed using a wide-bore pipet.
The DNA was precipitated with 0.7 volumes of isopropanol, and removed by capture with a
sterile micropipet tip. The precipitated DNA was then added to a 1.5 ml Eppendorff tube
containing 70% ethanol and pelleted at maximum speed with an Eppendorf 5415 centrifuge.
After pouring off the ethanol solution, the DNA pellet is dried and resuspended in TE buffer
(0.1 M NaCl, 0.01 M TrisHCl, pH 7.5).

Digestion of DNA with restriction enzymes and BAL31 nuclease was performed following the
manufacturer’s recommendations (New England Biolabs). Standard agarose gel
electrophoresis was performed as previously described [13]. PFGE was performed using 1%
agarose in 0.5 × TBE (0.045M Tris-borate, 0.001M EDTA), at 150V, 10°C, and pulsed at 2 to
5 second intervals for PFGE. Southern blot analysis involved depurination of DNA by
treatment with 0.25 M HCl for 20 minutes, denaturation in 0.5 M NaOH / 1.5 M NaCl for 30
minutes, neutralization in 1 M Tris/1.5 M NaCl pH 7.5 for 30 minutes, and transfer onto a
charged nylon Hybond-N+ membrane (Amersham) in 10 X SSC (1.5 M NaCl / 0.15 M Na
Citrate, pH 7.0) using a vacuum transfer apparatus (Pharmacia). Prehybridization for 30
minutes and hybridization overnight were performed at 65°C in roller bottles in hybridization
buffer (0.25 M Na phospate buffer, pH 7.2, 1 mM EDTA, and 7% SDS. Probes were labeled
with [α32P] dCTP (New England Nuclear) using a High Prime labeling kit (Roche). Filters
were rinsed once briefly, and then washed twice for 30 minutes at 65°C in washing solution I
(20 mM Na phosphate buffer, pH 7.2, 1mM EDTA, 5% SDS), and once at 65°C in washing
solution II (20 mM Na phosphate buffer, pH 7.2, 1mM EDTA, 1% SDS). The probe consisted
of the plasmid pNTPΔ, which contains the same sequences as the integrated pNPT-tel plasmid,
except that it does not contain telomeric repeat sequences.

2.8. Cloning and sequence analysis of the sites of chromosome healing and fusion
Analysis of sites of chromosome healing was performed using PCR with one primer
complementary to the puro gene (GTGGGCTTGTACTCGGTCAT) and one primer
complementary to the telomeric repeat sequences (AACCCTAACCCTAACCCTAACC).
PCR was performed as previously described [31] using an initial incubation for 2 min at 95°
C, followed by 40 cycles of 95°C for 30 sec, 62°C for 30 sec, and 72°C for 30 sec, followed
by one cycle of 95°C for 30 sec, 62°C for 30 sec, and 72°C for 2 min. Following their
purification using a Qiaex II kit (Qiagen, Valencia, CA), the PCR products were sequenced
directly by Molecular Cloning Laboratories (South San Francisco, CA), using the primer
complementary to the puro gene.
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The cloning of the inverted repeats resulting from sister chromatid fusion was achieved by
plasmid rescue. Plasmid rescue was performed by first digesting the DNA with XbaI, followed
by the circularization and concentration of the DNA as previously described [13]. The DNA
was then used to transform STBL2 chemically competent bacteria (Gibco), and the circularized
plasmid and adjacent cellular DNA was selected using ampicillin. The rescued sequences were
then mapped using restriction enzymes and sequenced from various primers specific for
plamsid and puro gene sequences.

2.9. Chromosome and telomere analysis
Chromosome analysis was performed following the addition of 0.1 µg/ml colcemid to the
medium for 1.5 to 2 hours at 37 °C. The cells were then trypsinized, pelleted at 500xg for 5
minutes, the supernatant removed, 2 ml of 0.56% KCl added, and incubated for 30 minutes at
37 °C. The cells were then spread on a slide and dried at room temperature. Chromosome
metaphase spreads and telomere analysis were performed as previously described [43], using
the Telomere PNA FISH Kit/Cy3 (DAKO) using manufacturer’s instructions. Relative
telomere fluorescence was determined on a minimum of 10 metaphase cells by quantitative
fluorescence in situ hybridization (Q-FISH) [44] using the TFL-Telo Telomere Measurements
and Analysis Software (http://www.flintbox.com). Image capture and analysis were performed
following the protocols in the TFL-Telo User’s Manual. All images were captured during the
same session to minimize variation in fluorescence intensity.

3. Results
3.1. Analysis of rearrangements in ES cell lines

The mouse ES cell lines used in this study were established from the 10P mouse strain that
contains a puro gene for positive selection with puromycin, an HSV-tk gene for negative
selection with ganciclovir, and an 18 bp I-SceI endonuclease recognition site for introducing
DSBs, all of which are immediately adjacent to a telomere on chromosome 11 (Fig. 1). DSBs
at the I-SceI site are introduced by transient transfection with an expression vector containing
the I-SceI gene (see Materials and Methods), a method that is commonly used to study
recombination in mammalian cells [27,29,45]. Selection for the loss of the telomeric HSV-tk
gene on chromosome 11 is then performed using ganciclovir alone to isolate ganciclovir-
resistant (ganr) subclones, or ganciclovir and puromycin together to isolate subclones resistant
to both ganciclovir and puromycin (ganr/puror). The inclusion of puromycin is used to insure
that the subclones that are selected have retained some portion of the telomeric plasmid
sequences to allow for analysis of the type of rearrangements involved. Selection with
puromycin also eliminates cells in the population that become resistant to ganciclovir due to
silencing of the telomeric transgenes as a consequence of telomere position effect [38]. The
ganr/puror subclones must retain at least one copy of the puro gene and its promoter, which
begins approximately 30 bps proximal to the I-SceI site. As a result, the extent of degradation
at the I-SceI site in ganr/puror subclones is limited, although with sister chromatid fusions,
more extensive degradation is often observed on one of the two sister chromatids involved in
the fusion.

Southern blot analysis following digestion with XbaI was used to screen for the types of
rearrangements that occurred within the telomeric plasmid sequences on chromosome 11 in
the 10P ES cell line. We have previously shown that regardless of whether telomere loss occurs
spontaneously in human tumor cells, or through I-SceI-induced DSBs in mouse ES cells, the
rearrangements observed primarily involve either chromosome healing or inverted repeats
resulting from sister chromatid fusion [16]. Using this approach, I-SceI-induced chromosome
healing in the ganr/puror 10P subclones can be detected by the loss of the original 3.0 and 4.3
kb fragments and the appearance of a large fragment containing a telomere (Fig. 1), which are
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very long in laboratory mice [46]. In contrast to chromosome healing, I-SceI-induced inverted
repeats in the ganr/puror 10P subclones are detected by the replacement of the 3.0 and 4.3 kb
fragments with a new fragment that varies in size depending on the extent of degradation prior
to sister chromatid fusion (Fig. 1). We have rescued and analyzed 11 of these fragments from
mouse ES cells and 8 from human tumor cells, and all 19 contained inverted repeats of the
plasmid and cellular sequences at the end of the chromosome ([13], unpublished results, present
study). Proof that these inverted repeats are formed through sister chromatid fusion has been
demonstrated by the presence of anaphase bridges involving sister chromatids and the
amplification of the subtelomeric DNA [13,15].

In addition to I-SceI-induced events, rearrangements resulting from spontaneous telomere loss,
which are rare in wild type ES cells, can also be detected by this method. Unlike I-SceI-induced
events, spontaneous telomere loss in ganr/puror subclones usually results in the loss or
rearrangement of the 3.0 kb XbaI fragment containing the HSV-tk gene, but not the 4.3 kb
XbaI fragment containing the I-SceI site and puro gene. This is because, based on size and
random distribution of the breaks, spontaneous rearrangements of the HSV-tk gene are
approximately 100-fold more likely to occur within the 3 kb XbaI fragment than within the 30
bp region between the puro gene promoter and the XbaI site in the 4.3 kb XbaI fragment. In
contrast, I-SceI-induced rearrangements in ganr/puror subclones must always occur within this
30 bp region due to selection for the puro gene. Consistent with this conclusion, rescue and
sequence analysis of a 4.3 kb XbaI fragment from a ganr/puror subclone that was missing the
3.0 kb XbaI fragment demonstrated that the 4.3 kb fragment still contained the I-SceI site (data
not shown). Ganr/puror subclones that retain the original 4.3 kb XbaI band, but lose the 3.0 kb
XbaI band, are therefore scored as rearrangements resulting from spontaneous telomere loss.

3.2. Analysis of ES cell lines with wild type TERT
The ES cell lines used in this study were generated by breeding the 10P mouse strain with mice
containing a knockout of exons 3 to 6 of TERT. The ES cell lines generated from blastocysts
isolated from these mice were screened by PCR for the presence of the HSV-tk gene, the wild-
type TERT gene, and the knocked-out TERT gene. Using this approach, we identified ES cell
lines that contained the telomeric pPPT2-tel plasmid, and were wild type, heterozygous, or
homozygous for the TERT knockout. Analysis of telomerase activity in the various ES cell
lines was consistent with the PCR analysis for knockout of TERT, demonstrating the highest
levels of telomerase activity in the wild-type cell lines, intermediate level of telomerase activity
in the heterozygous cell lines, and no significant telomerase activity in the homozygous
knockout cell lines (Fig. 2). Transient transfection of these ES cell lines with an expression
vector containing the I-SceI gene typically resulted in a 10-fold increase in ganr/puror colonies,
the background resulting primarily from silencing or point mutations, i.e., show no
rearrangements. Southern blot analysis of the genomic DNA isolated from the I-SceI-induced
ganr/puror sublclones generated from two of the ES cell lines with wild type TERT, 10PWT-
C and 10PWT-F, gave results that were consistent with our earlier studies [13,31], i.e., the
majority of events (22 of 35, 63%) involved chromosome healing that resulted in bands at the
limit of resolution (Fig. 3,Table 1). There was no change in the lighter 2.3 kb and 4.4 kb control
bands that result from hybridization of the mouse phosphoglycerate kinase (pgk) gene
regulatory sequences in the plasmid probe to the endogenous pgk sequences. Digestion with
EcoRI, which cuts on either side of the HSV-tk gene, showed that the band containing the HSV-
tk gene was missing in all of the ganr/puror subclones (data not shown). The length of the newly
added telomeres in the ganr/puror sublclones with the bands at the limit of resolution was
analyzed by pulsed-field gel electrophoresis (PFGE), and found to be approximately 75 kb in
length (data not shown), similar to that in the original 10P ES cell clone [37].
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In addition to the large bands generated by XbaI digestion that are typical of chromosome
healing, other I-SceI-induced ganr/puror subclones isolated from the ES cell lines with wild
type TERT showed smaller bands (Fig. 3). Two of these subclones (F-16a and F-6b) had lost
the 3.0 kb band, but retained the 4.3 kb band, as expected from spontaneous events. However,
other subclones (F-1b, F-8b, F-15b, and F18b) contained bands that varied in size, which we
have previously shown contain inverted repeats [13,16]. Consistent with our earlier results, the
rescue of the fragments containing the plasmid and adjacent cellular DNA from two of the
subclones with smaller bands demonstrated that they contained inverted repeats (Fig. 4a). In
the ganr/puror subclone FPA-6, one end of the inverted repeat occurred in the puro gene
promoter near the I-SceI site with the loss of 8 nucleotides, while the other end occurred within
the cellular sequences 25 kb proximal to the telomeric plasmid sequences. Therefore, very little
degradation occurred on one sister chromatid, while 29 kb of DNA was degraded from the end
of the other sister chromatid. There were 2 bps inserted at the recombination site (Fig. 4b). In
a second subclone, FPA-23, which was selected with ganciclovir alone, the formation of the
inverted repeat occurred by recombination within the puro gene in both sister chromatids. The
site of recombination occurred 710 bp from the I-SceI site on one sister chromatid and 450 bp
on the other. Thus, degradation appeared to have occurred on both sister chromatids, although
it cannot be completely ruled out that spontaneous telomere loss was not involved with
subclones selected with ganciclovir alone. There were 7 bps inserted at the recombination site
(Fig. 4b). As in our earlier studies, the results demonstrate that degradation commonly occurs
prior to sister chromatid fusion, and that the extent of degradation can vary considerably, in
some cases resulting in the complete loss of the plasmid sequences.

3.3 Analysis of sites of chromosome healing in ES cells with wild type TERT
The presence of newly added telomeric repeat sequences on the end of the broken chromosome
in the ganr/puror subclones was determined by PCR, using one primer specific for sequences
within the puro gene, and the other primer specific for telomeric repeat sequences (Fig. 1). All
but one of the subclones with bands at the limit of resolution produced PCR fragments that
were of the size expected for direct telomere addition at the site of the I-SceI-induced DSB
(data not shown). In contrast, no such PCR fragments were seen in subclones with smaller
bands containing inverted repeats. DNA sequence analysis of the PCR fragments confirmed
that in all but one of the subclones (21 of 22), telomeric repeat sequences were added directly
at the site of the break, most often using microhomology as previously observed with ES clone
A211 [31] (Fig. 5). The most common site for telomere addition involved a single bp of
microhomology to telomeric repeat sequences with no loss of nucleotides from the 4 bp single-
strand overhang generated by I-SceI (site “a”). The other two most common sites for telomere
addition involve either 5 (site “b”) or 2 (site “c”) of microhomology to telomeric repeat
sequences with the loss of either 4 or 1 of the nucleotides from the 4 bp I-SceI single-stranded
overhang, respectively (Fig. 5). In addition, 5 other ganr/puror subclones with chromosome
healing at the I-SceI site contained various point mutations at the site of telomere addition (i.e.,
bps that did not have homology to either the plasmid or telomeric repeat sequences), so that it
was not possible to determine the exact sequence where chromsome healing occurred (data not
shown). Only a single subclone showed significant degradation (25 bp) from the site of the I-
SceI-induced DSB prior to telomere addition. This absence of degradation prior to telomere
addition was not due to selection for the adjacent puro gene, because chromosome healing in
all of the subclones selected with ganciclovir alone also occurred at the site of the I-SceI-
induced DSB break (Fig. 5). Thus, unlike fusions, which are commonly accompanied by
degradation of DNA at the site of the break, chromosome healing almost always occurs without
degradation. Chromosome healing therefore occurs prior to, and prevents, degradation and
sister chromatid fusion.
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3.4. Analysis of ES cell lines with knockout of TERT
Southern blot analysis of ganr/puror sublclones isolated from the 10PTKO-H (Fig. 6A, Table
1) and 10PTKO-4B (Table 1) ES cell lines homozygous for knockout of the TERT gene showed
that only one of 62 subclones (H-5b) contained a large XbaI band indicative of chromosome
healing. Instead, most of the ganr/puror subclones contained the smaller bands typical of
inverted repeats. In addition, three subclones (H-5a, H-6a, and H-11b) had rearrangements
resulting from spontaneous telomere loss, as shown by the fact that they had lost the 3.0 kb
XbaI band, but retained the 4.3 kb band. The analysis of chromosome healing in all of the
subclones by PCR demonstrated that only subclone H-5b produced the band expected from
the presence of a telomere at the site of the DSB (data not shown). Despite this fact, H-5b was
confirmed to be homozygous for the knockout TERT by PCR and had no detectable telomerase
activity (data not shown). PFGE following digestion with BAL31 nuclease also confirmed that
the large XbaI band consisted of a terminal restriction fragment containing a telomere (Fig.
6B). Typical of terminal restriction fragments digested with BAL31 [31,47], upon digestion
the band containing the telomere selectively decreased in size while other bands containing
internal DNA fragments remained unchanged. The accumulation of small bands at the bottom
of the gel during digestion with BAL31 result from the slower rate of degradation of
subtelomeric DNA compared to telomeric DNA, as has been previously observed [31,47].
Although these results make it clear that chromosome healing occurred, unlike the newly
formed telomeres in wild type cells that reach 75 kb in length, the newly added telomere in
H-5b is only 25 kb in length (Fig. 6B) and becomes shorter and more heterogeneous in size
upon further passage in culture (Fig. 6C). Moreover, unlike chromosome healing in ES cells
with wild type TERT, DNA sequence analysis of the site of telomere addition demonstrated an
insertion of 23 bp of DNA (Fig. 6D). Small insertions similar to this are commonly observed
at DSBs repaired by NHEJ [27,28], suggesting a mechanism of telomere addition that is distinct
from that in ES cell lines with wild type TERT.

I-SceI-induced ganr/puror sublclones isolated from a third TERT knockout ES cell line,
10PTKO-A, also produced bands on Southern blots that were all smaller in size than those
typical of chromosome healing in the wild type cell lines (Fig. 7A). However, unlike the other
two TERT knockout ES cell lines, PCR analysis revealed that 20 of 34 (59%) of the ganr/
puror subclones from 10PTKO-A produced bands indicating that chromosome healing had
occurred at the I-SceI site (data not shown). Upon close inspection of the Southern blots, the
subclones generating PCR bands were observed to be those with lighter bands (Fig. 7A). The
presence of newly added telomeres on the end of the broken chromosome in 3 of these ganr/
puror subclones was confirmed by BAL31 digestion using either conventional gel
electrophoresis (Fig. 7B) or PFGE (Fig. 7C). The analysis of telomerase activity confirmed
that these subclones lacked telomerase activity (data not shown). Thus, chromosome healing
is common at the I-SceI-induced DSB in the 10PTKO-A ES cell line despite the absence of
telomerase. However, unlike the newly added telomeres in ES cell lines with wild type
TERT, these telomeres are variable in size and much shorter than 75 kb in length. In fact, the
newly added telomeres in some subclones (e.g., A-7 and A-40) are only about 1 kb in length,
as determined by subtracting length of the subtelomeric plasmid sequences (4.3 kb) from the
size of the fragment containing the telomeric repeat sequences.

DNA sequence analysis of the PCR products generated from the 10P-TKO-A ganr/puror

subclones confirmed that chromosome healing had occurred at the I-SceI site (Fig. 8). However,
the preference for the site of addition of the newly added telomeric repeat sequences differed
somewhat from that observed for the wild type ES cell clones or the original ES cell clone
A211 [31]. A major site of addition of telomeric repeat sequences in wild-type ES cell clones,
which involved 1 bp of homology without the loss of any nucleotides from the 4 bp overhang
(site a), was not observed in the 10PTKO-A ES cell line. Instead, the addition of telomeric
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repeat sequences in 10PTKO-A occurred primarily at the two other sites at which chromosome
healing occurred in the wild-type ES cell lines (sites b and c). As with the wild type ES cell
lines, some sites of chromosome healing (2 of 20) contained point mutations that made the
exact site of telomere addition difficult to determine. Regardless, it is clear from the difference
in the preference in the site of telomere addition that the mechanism of chromosome healing
in the TERT knockout 10PTKO-A ES cell line is distinct from that in ES cell lines with wild-
type telomerase.

3.5. Analysis of telomere length in TERT knockout ES cell line 10PTKO-A
We next followed the changes in the length of the newly added telomeres in the ganr/puror

subclones isolated from the 10PTKO-A ES cell line to learn more about the mechanism of
telomere maintenance in this cell line. We previously showed that newly added telomeres in
ES cells lines with wild-type telomerase increased in length with time in culture, eventually
reaching a length of that in the parental cell line [31]. However, the newly added telomeres in
the subclones from 10PTKO-A decreased in length with time in culture (Fig. 9). The rate of
telomere shortening was estimated to be approximately 55 bp/cell division, similar to the 75
bp/cell division previously observed in Mus spretus embryo fibroblast cultures [48]. Moreover,
upon reaching the size of the subtelomeric XbaI fragment without telomeric repeat sequences
(4.3 kb) in subclones A-20, A-22, and A-29, the band disappeared and was replaced by a band
at the limit of resolution (Fig. 9A), demonstrating that either telomere elongation or
rearrangement of the fragment had occurred in many cells in the population. However, the
lighter intensity of the new larger bands compared to the original bands indicated that many
cells in the population had lost the subtelomeric plasmid sequences entirely. This was
confirmed by Southern blot analysis following digestion with XbaI in combination with
MluI, which cuts in the puro gene promoter 260 bp from the telomere and therefore removes
the telomeric repeat sequences (Fig. 9B). The 4.1 kb XbaI/MluI band in subclones A-20, A-22,
and A-29 decreased in intensity with time in culture, while no change in intensity was apparent
in this band in subclone A-25, which had a longer telomere that continued to shorten during
this period. These results demonstrate that severe telomere shortening results in the loss of the
subtelomeric plasmid sequences in many cells in the population. The absence of gradual
shortening of this band also demonstrates that subtelomeric DNA is rapidly degraded once the
telomeric repeat sequences are no longer present to protect the end of the chromosome.

While telomere shortening resulted in the loss of the plasmid sequences in many cells in the
population, the new bands at the limit of resolution indicated that some cells in the 10PTKO-
A subclones underwent rearrangements or telomerase-independent telomere elongation. The
frequency at which the elongation of the terminal fragment occurred varied in the different
subclones, being common in subclone A-20, but rare in subclone A-29. To explore the reason
for the elongation of this fragment in more detail, we analyzed second-generation subclones
of A-20 that were selected after 40 passages in culture, at which time the elongation had already
occurred. As expected, these second-generation subclones showed either a large fragment at
the limit of resolution or complete loss of the plasmid-specific bands (data not shown). Southern
blot analysis using PFGE to determine the size of the fragments in three of these second-
generation subclones, A-20a, A-20b, and A-20m, demonstrated that they were 34, 23, and 22
kb in length, respectively (Fig. 9C). The fragments in subclones A-20b and A-20m were
sensitive to BAL31, proving they are still terminal fragments, and therefore contain elongated
telomeres (Fig.9C). However, subclone, A-20a showed no sensitivity to BAL31, indicating
that elongation of the fragment resulted from sister chromatid fusion or some other type of
rearrangement. PCR analysis demonstrated that in all three subclones the DNA sequence at
the site of chromosome healing remained the same as that found in the parental A-20 subclone
(site c, Fig. 5), proving that the telomeric repeat sequences were still present. The results
therefore demonstrate that rearrangement in subclone A-20a occurred prior to telomere loss,
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consistent with earlier studies showing that telomeric repeat sequences are commonly found
at the sites of chromosome fusions following telomere shortening in human cells [49]. These
results also demonstrate that telomere elongation in subclones A-20b and A-20m occurred
prior to complete loss of the telomeric repeats, and therefore this telomere elongation did not
involve chromosome healing. Whether the appearance of cells with an elongated telomere
results from preferential elongation when the telomere becomes very short, as previously
described for human cells that maintain telomeres through a telomerase-independent
mechanism [33], or due to selection for cells in the population that had elongated the telomere
prior to its becoming critically short, remains to be determined.

The above results demonstrate that clone 10PTKO-A can extend telomeres through a
telomerase-independent mechanism. Previous studies have shown that TERT-deficient mouse
embryo fibroblasts [50] and ES cells [47] that acquire the ability to maintain telomeres through
alternative mechanisms after prolonged growth in culture typically show telomeres that are
much shorter than telomeres in cells with wild type TERT. We therefore performed Q-FISH
analysis to compare the relative telomere length in our TERT knockout ES cell lines with the
relative telomere length in an ES cell line with wild type TERT (Fig. 10). Typical of telomeres
in mouse cells with wild type TERT that vary in length from 10 to 80 kb [46], the telomeres
in the 10PWT-F ES cell line with wild type TERT were highly heterogeneous in length (Fig.
10A). The telomeres in the TERT knockout ES cell line 10PTKO-H were also highly
heterogeneous in length and only slightly shorter than the telomeres in 10PWT-F (Fig.
10B,Table 2). However, the telomeres in the knockout ES cell line 10PTKO-4B were
considerably shorter than the telomeres in 10PWT-F (Fig. 10C,Table 2). Moreover, the
telomeres in the knockout ES cell line 10PTKO-A were extremely short (Fig. 10D,Table 2),
with many chromosomes showing no detectable telomeres. The 10PTKO-A ES cell line is
therefore typical of other mouse embryonic fibroblasts and ES cell line that maintain telomeres
through a telomerase-independent mechanism, which also contain very short telomeres [47,
50].

4. Discussion
The results presented here demonstrate for the first time that chromosome healing in
mammalian cells can occur through more than one mechanism. One mechanism involves the
de novo addition of telomeric repeat sequences by telomerase, as demonstrated by the fact that
while chromosome healing is a common event in wild type ES cells (22 of 35 events),
chromosome healing rarely occurs in the 10PTKO-H and 10PTKO-4B ES cell lines that are
deficient in telomerase (1 of 62 events). The one chromosome-healing event that was observed
in these two TERT knockout cell lines involved the insertion of a 23 bp sequence between the
site of the DSB and the telomeric repeat sequences. The insertion of a small DNA fragment
suggests a mechanism involving recombination, since small insertions are common at junctions
repaired by NHEJ [26,28].

In addition to the mechanisms mentioned above, our results also show that some TERT
knockout ES cell lines can efficiently perform chromosome healing through a telomerasein-
dependent mechanism. This mechanism is active in the 10PTKO-A ES cell line, which unlike
the TERT knockout ES cell lines 10PTKO-4B and 10PTKO-H, is very adept at chromosome
healing despite the absence of telomerase activity (20 of 34 events). However, this mechanism
does not appear to be active in ES cells with wild-type telomerase. In contrast to the wild-type
ES cell lines, chromosome healing in 10PTKO-A was never observed to initiate from the
terminal nucleotide of the 4 bp overhang generated by I-SceI (site a, Fig. 5), which was common
in wild type ES cell lines. Instead, telomeres were often added at the site with 2 bp of homology
(site c), which was rarely used in wild type ES cell lines. Therefore, although this alternative
mechanism also utilizes microhomology for chromosome healing, its requirements for
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telomere addition are different from the telomerase-dependent mechanism. In view of the
absence of telomerase activity, it is likely that chromosome healing in 10PTKO-A involves
the addition of preexisting telomeric repeat sequences to the site of the DSB. This could occur
by NHEJ, which commonly utilizes microhomology for end rejoining and the deletion of a
small number of nucleotides [51,52], both of which were observed at sites of chromosome
healing in 10PTKO-A. Consistent with our results with 10PTKO-A, we previously
demonstrated the addition of telomeric repeat sequences to both ends of a plasmid sequence
transfected into an immortal human cell line [32] that was later shown to maintain telomeres
through a telomerasein-dependent mechanism [33]. Similar to the present study, this addition
of telomeric repeat sequences also involved microhomology, with 2 bp of microhomology at
one end of the plasmid, and 3 bp of microhomology at the other end.

An important difference between the chromosome healing in the wild type and telomerase-
deficient ES cell lines is the length of newly added telomeres. The newly added telomeres in
the wild type ES cell lines in this study are already 75 kb at the earliest time of analysis, similar
to the length of the telomere in the parental ES cell lines. We estimate that less than 50 cell
divisions had occurred during the period in culture required to grow sufficient cells to isolate
genomic DNA for Southern blot analysis. Thus, an average of approximately 1,500 bp would
have been added to the new telomere with each cell division, although initially the rate of
telomere elongation may be even greater, since we previously observed that at later times the
newly added telomeres can grow much more gradually [31]. Regardless, these results
demonstrate that although mouse telomerase has poor processivity in cell lysates [53], it can
be highly processive during the restoration of a lost telomere in living cells.

In contrast to ES cell lines with wild type telomerase, the newly added telomeres in the
telomerase-deficient 10PTKO-A ES cell line are relatively short, with some being as short as
1 kb in length at the time of analysis. In addition, rather than being elongated, the telomeres
shorten during passage in culture, which eventually results in the loss of the subtelomeric
plasmid sequences in many cells in the population. However, the telomere is elongated in other
cells, demonstrating that the 10PTKO-A ES cell line is capable of maintaining telomeres
through a telomerase-independent pathway, although this pathway is relatively inefficient in
protecting critically short telomeres compare to human cells that maintain telomeres through
a telomerase-independent pathway [33]. This mechanism is not normally found in ES cell lines,
because other studies have demonstrated that telomerase-deficient ES cell lines lack the ability
to preferentially elongate shortened telomeres [54]. The acquisition of an alternative
mechanism for telomere maintenance has previously been described for telomerase-deficient
mouse ES cells [47]. The analysis of newly added telomeric DNA in one of the telomerase-
deficient ES cell lines in this earlier study demonstrated that it was composed of both telomeric
and subtelomeric DNA [31,47]. Although the newly added telomeres found at the site of
chromosome healing in our study invariably consisted of telomeric repeat sequences, it cannot
be ruled out that the telomeres added by chromosome healing or subsequent elongation also
contain nontelomeric DNA sequences. This previous study also found that ES cell clones
utilizing telomerase-independent telomere maintenance only appeared following a telomere-
shortening-induced crisis after 450 cell divisions in culture. Why the 10PTKO-A ES cell line
would have acquired an alternative mechanism for telomere maintenance after only a relatively
few generations in culture is not known. One likely possibility is that it initially had short
telomeres due to telomere shortening that occurred in vivo, which would have selected for cells
that were capable of maintaining telomeres by alternative mechanisms. This telomere
shortening in vivo could have occurred because the ES cell lines used in our study were derived
from heterozygous TERT knockout mice. Mice that are heterozygous for TERT knockout
experience gradual telomere shortening with each generation [55], although unlike homozgous
TERT knockout mice, the heterozygous mice are able to maintain short telomeres [56].
Consistent with telomere shortening in vivo, two of the three TERT knockout cell lines used
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in our study had telomeres that were much shorter than telomeres in ES cells with wild type
TERT.

Another important feature of chromosome healing is that in all but one subclone with a 25 bp
deletion, it occurs at the location of the I-SceI-induced DSB. This contrasts with sister
chromatid fusion, in which degradation of one or both sister chromatids commonly occurs.
This degradation prior to sister chromatid fusion can be extensive, in one subclone reaching
30 kb in length. Why chromosome healing only occurs at the site of the initial I-SceI-induced
DSB, and not at proximal sites following DNA degradation, is not known. However, it is not
due to selection for the proximal puro gene, since the chromosome healing observed with
selection with ganciclovir alone also occurred at the I-SceI site. Chromosome healing may
therefore be in competition with other DNA repair mechanisms, which are associated with
processing and degradation of DNA at the break site. If these other DNA repair enzymes
encounter the DSB first, then telomerase or the telomerase-independent mechanism would be
prevented from accessing the free end for telomere addition.

The fact that chromosome healing is a common event in our assay system would appear to
contradict other studies that have concluded that chromosome healing is not a common event
at DSBs generated by either I-SceI or ionizing radiation [26–29]. Even when chromosome
healing is observed, the evidence suggests that it usually involves the capture of the ends of
other chromosomes [57]. One possible explanation for the prevalence of chromosome healing
at the I-SceI-induced DSB in our system is the proximity of the telomere. Studies in yeast have
demonstrated that de novo telomere addition is much more likely to occur near pre-existing
telomeric repeat sequences, which is independent of which side of the break the telomeric
repeat sequences are located [19]. De novo telomere addition at DSBs at interstitial sites may
also be inhibited as it is in yeast, where its inhibition by Pif1 is proposed to be a mechanism
for preventing chromosome healing from interfering with DSB repair [21].

The different outcome of DSBs near telomeres compared to DSBs at most other locations may
also reflect the fact that the proximity to a telomere may influence DSB repair. DSBs near
telomeres in yeast have been show to be poorly repaired by NHEJ, and therefore result in
complex chromosome rearrangements [34]. This deficiency in repair in subtelomeric regions
may be due to the role of the telomere in preventing chromosome fusion, since telomeric repeat
sequences in yeast have been shown to suppress the activation of cell cycle checkpoints in
response to DSBs [35]. Similarly, the human TRF2 protein, which is required to prevent
chromosome fusion, has been demonstrated to inhibit ATM, whose activation is instrumental
in the cellular response to DSBs [36]. Alternatively, a deficiency in the repair of DSBs within
subtelomeric DNA could also result from the heterochromatic structure of these regions
([58], unpublished results). Regardless of the cause, a deficiency in NHEJ within subtelomeric
regions would make chromosome healing an important option for the cellular response to DSBs
occurring near telomeres.

Our results also show that chromosome healing can prevent chromosome instability resulting
from DSBs near telomeres. Because chromosome healing almost always occurs at the site of
the break, it must precede and prevent degradation, sister chromatid fusion, and subsequent B/
F/B cycles. The importance of sister chromatid fusion and B/F/B cycles resulting from telomere
loss in DNA rearrangement in cancer is becoming increasingly evident. Telomerase deficient
mice that also have a knockout in p53, and therefore are unable to eliminate cells with genomic
instability, have a high frequency of carcinomas that contain chromosomes with
rearrangements typical of B/F/B cycles [59–61]. In addition, telomere loss has been shown to
play an important role in human cancer, and can continue to occur despite the expression of
telomerase [62,63]. Chromosome healing could therefore limit the extent of the genomic
instability commonly associated with human cancer, since chromosome healing has also been
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observed in human tumor cells in response to spontaneous [14,15] or I-SceI-induced
(unpublished observation) telomere loss. However, like mouse ES cells, the efficiency of
chromosome healing is not sufficient to prevent sister chromatid fusion and instability.
Knowledge regarding the regulation of chromosome healing may therefore provide future
approaches to limiting genomic instability in human cancer cell for the purpose of inhibiting
tumor cell progression or adaptation to cancer therapy.

Abbreviations
B/F/B, breakage/fusion/bridge
DSB, double-strand break
ES, embryonic stem
ganr, ganciclovir-resistant
ganr/puror, ganciclovir and puromycin-resistant
HSV-tk, Herpes simplex virus-thymidine kinase
NHEJ, nonhomologous end joining
PCR, polymerase chain reaction
PNA, peptide nucleic acid
pgk, phosphoglycerate kinase
PFGE, pulsed-field gel electrophoresis
puro, puromycin-resistance
Q-FISH, quantitative fluorescence in situ hybridization
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Fig. 1.
The structure of the telomeric plasmid sequences and the types of rearrangements resulting
from I-SceI-induced DSBs in ES cell lines from 10P mice. The pPPT2-tel plasmid in ES cell
clone 10P seeded the formation of a new telomere upon integration 1.4 Mb from the end of
chromosome 11. The telomere contains an ampicillin-resistance gene and plasmid origin of
replication (amp/ori), a puromycin-resistance gene (puro), an HSV-tk gene, an I-SceI
endonuclease recognition site, and telomeric repeat sequences (telomere). The locations of the
XbaI restriction sites used for Southern blot analysis are also shown. I-SceI endonuclease-
induced DSBs near the telomere result in two types of events, chromosome healing involving
the addition of telomeric repeat sequences at the site of the break (lower left), and inverted
repeats resulting from sister chromatid fusion (lower right). PCR using primers specific for the
puro gene and telomeric repeat sequences (arrows) are used to confirm the presence of telomere
addition at the I-SceI site.
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Fig. 2.
The level of telomerase activity in the ES cell lines isolated from embryos generated by crossing
10P mice with TERT knockout mice. The relative amount of telomerase activity in ES cell lines
that are wild type, heterozygous, or homozygous for knockout of TERT was determined using
the TRAPeze XL Telomere Detection Kit.
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Fig. 3.
Analysis of rearrangements resulting from a DSB near a telomere in an ES cell line with wild
type telomerase. Southern blot analysis of genomic DNA from I-SceI-induced ganr/puror

subclones of the 10PWT-F ES cell line. DNA was digested with XbaI and hybridization was
performed using the pNPTΔ plasmid as a probe (with no telomeric repeat sequences).
Molecular weight markers consisting of Lambda bacteriophage HindIII fragments are
indicated. The unrearranged telomeric plasmid sequences in the 10P cell line (10P) produce
two plasmid-specific bands, a 3 kb band containing the HSV-tk gene, and a 4.3 kb band
containing the internal portion of the plasmid and adjacent cellular DNA (see Fig. 1). In
contrast, the I-SceI-induced ganr/puror subclones demonstrated either a large XbaI plasmid-
specific band at the limit of resolution (LOR) as a result of chromosome healing, or variable-
sized bands containing inverted repeats. The hybridization of the mouse pgk gene promoter
and poly A addition sequences in the pNPTΔ plasmid probe to the endogenous mouse pgk gene
results in two light bands of 2.3 and 4.4 kb that serve as loading controls.
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Fig. 4.
Analysis of the inverted repeats resulting from sister chromatid fusion in subclones from the
10PWT-F ES cell line with wild-type telomerase. The rescue of plasmid sequences and adjacent
cellular DNA was performed using XbaI-digested genomic DNA. (A) The structure of the
rescued XbaI fragments (above) and mechanism of formation by sister chromatid fusion
(below) are shown for subclones FPA-6 and FPA-23. Restriction mapping and DNA sequence
analysis demonstrated the presence of inverted repeats, either between sequences within the
puro gene (FPA-23) or between the I-SceI site and cellular DNA located 25 kb from the
integrated plasmid sequences (FPA-6). The locations of the various plasmid sequences and
cellular DNA are indicated as shown in Fig. 1. The sites of end-to-end fusion of the sister
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chromatids is indicated by dashed lines. (B) The nucleotide sequence at the junction of the
inverted repeats in subclone FPA-23 (FPA-23) is compared with the nucleotide sequences of
the two puro genes (PURO). The nucleotide sequence at the junction of the inverted repeats in
sublcone FPA-6 is compared with the nucleotide sequences of the puro gene (PURO) and
genomic DNA from chromosome 11 (CHR 11). Homologous nucleotides (*), the I-SceI
recognition site (italics), and the location of the 4 bp overhang generated by I-SceI (horizontal
line), are shown.
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Fig. 5.
DNA sequence analysis of the sites of chromosome healing at the I-SceI-induced DSBs of ES
cell lines with wild type telomerase. Comparisons are shown between the site of chromosome
healing at the I-SceI site in the I-SceI-treated subclones (I-SceI), the sequence of the parental
lines (10P), and telomeric repeat sequences (Tel). Homologous nucleotides (*), the location of
the 4 bp overhang generated by I-SceI (horizontal line), and sequence microhomology at the
site of telomere addition (bold) are shown. The number of chromosome healing events at the
different sites and the percentage of the total events they represent are shown for ES cell clone
A211, and the 10P wild type ES cell lines selected with both ganciclovir and puromycin (G/
P) or ganciclovir alone (G). The total percentage does not equal 100% because five ganr/
puror subclones and one ganr subclone that had point mutations at the I-SceI site during
chromosome healing, and one ganr/puror subclone that had a 25 bp deletion prior to
chromosome healing, are not included.
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Fig. 6.
Analysis of rearrangements resulting from a DSB near a telomere in the TERT knockout
10PTKO-H ES cell line. (A) Southern blot analysis of genomic DNA from I-SceI-induced
ganr/puror subclones digested with XbaI and hybridized with the pNPTΔ plasmid probe. The
limit of resolution (LOR), position of control bands for endogenous pgk sequences (pgk), and
molecular weight markers are the same as in Fig. 3. (B) Demonstration of chromosome healing
in the H-5b subclone by Southern blot analysis of DNA digested with BAL31 nuclease and
separated by PFGE. DNA was digested with BAL31 nuclease for 0, 15, 30, 60 and 120 minutes,
followed by digestion with XbaI. Hybridization was performed with the pNPTΔ plasmid probe.
Terminal restriction fragments containing telomeres are selectively degraded by BAL31, while
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internal restriction fragments show no change in size. The bands that accumulate at the bottom
of the figure are due to the slower rate of degradation of subtelomeric DNA compared to
telomeric repeat sequences. (C) Analysis of changes in length of the telomere in the H-5b
subclone during passage in culture by Southern blot analysis of DNA separated by PFGE.
Genomic DNA from subclone H-5b that was isolated initially, and after 58, 85 and 109 days
in culture, was digested with XbaI, and hybridization was performed using the pNPTΔ plasmid
as a probe. (D) A comparison is shown between the site of chromosome healing at the I-SceI
site in subclone H-5b (I-SceI), the sequence of the parental line (10P), and telomeric repeat
sequences (Tel). Homologous nucleotides (*) and the location of the 4 bp overhang generated
by I-SceI (horizontal line) are shown. A 23 bp DNA fragment was inserted at the site of telomere
addition.
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Fig. 7.
Rearrangements resulting from a DSB near a telomere in the TERT knockout 10PTKO-A ES
cell line. (A) Southern blot analysis of genomic DNA from I-SceI-induced ganr/puror subclones
digested with XbaI and hybridized with the pNPTΔ plasmid probe. The limit of resolution
(LOR) and position of control bands for endogenous pgk sequences (pgk) are shown. Subclones
that were positive (+) or negative (−) by PCR for chromosome healing are indicated. (B, C)
Identification of terminal restriction fragments containing telomeres by Southern blot analysis
of DNA digested with BAL31 nuclease. Genomic DNA from the A-5, A-23, and A-37 ganr/
puror subclones was digested with BAL31 nuclease for 0, 15, 30, 60 and 120 minutes, followed
by digestion with XbaI. The DNA was then separated by conventional agarose gel
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electrophoresis (B), or PFGE (C), and hybridization was performed with the pNPTΔ plasmid
probe.
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Fig. 8.
The preference of sites for chromosome healing in the TERT knockout 10PTKO-A ES cell line
differs from that of ES cell lines with wild-type telomerase. The percent involvement of the
three most common sites of chromosome healing in wild type ES cell lines (see Fig. 5) are
compared with the percent of chromosome healing events at these same sites in the ganr/
puror subclones of the 10PTKO-A ES cell line (n = 20).
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Fig. 9.
The dynamics of the changes in the length of the newly added telomeres in ganr/puror subclones
of the TERT knockout 10PTKO-A ES cell line. (A) Genomic DNAs from the A-20, A22, A-25,
and A-29 ganr/puror subclones grown for various days in culture were analyzed by Southern
blot analysis. Digestion with XbaI demonstrates the gradual decrease in size of the terminal
fragment containing the telomere with passage in culture, with the eventual disappearance of
the band as it approaches the size of the 4.3 kb fragment without telomeric repeat sequences
(lane 10P). The disappearance of the orignal band corresponds to the appearance of a new band
at the limit of resolution, which varies in intensity in the different subclones. The limit of
resolution (LOR), position of control bands for endogenous pgk sequences (pgk), and
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molecular weight markers are the same as in Fig. 3. (B) Digestion with XbaI in combination
with MluI, which cuts off the telomeric repeat sequences, demonstrates the progressive loss of
the plasmid sequences in many cells in the population as the telomere becomes critically short.
Hybridization was performed using the pNPTΔ plasmid as a probe. The location of the 4.3 kb
endogenous pgk band, which serves as a loading control, and the 4.4 kb lambda bacteriophage
HindIII fragment, are shown. (C) Southern blot analysis was performed on genomic DNA from
two second-generation subclones of 10PTKO-A that had elongated the elongated the newly
added telomere. The DNA was digested with BAL31 nuclease for 0, 30, 60, 120 and 240
minutes, followed by digestion with XbaI and separation by PFGE. Hybridization was
performed with the pNPTΔ plasmid probe.
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Fig. 10.
Short telomeres in the 10PTKO-A TERT knockout ES cell line. Relative telomere intensity
was analyzed by Q-FISH using a telomere-specific peptide nucleic acid (PNA) probe for (A)
a wild type ES cell line, 10PWT-F, and the three TERT knockout ES cell lines (B) 10PTKO-
H, (C) 10PTKO-4B, and (D) 10PTKO-A. Telomeres in the wild type ES cell line (upper right
panel) are relatively homogenous and easily detectable on all chromosomes. In contrast,
telomeres in 10PTKO-A (lower right panel) are relatively difficult to detect, with many
chromosomes having no detectable signal.
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Table 1
Types of I-SceI-induced events in ES cell lines with wild type or knockdown TERT

Cell Line Chromosome Healing1 Inverted Repeats2
Wild type
   10PWT-F 15 9
   10PWT-C 7 4
Knockout
   10PTKO-H 1 26
   10PTKO-4B 0 35
   10PTKO-A 20 14
1
Determined by PCR analysis of site of telomere addition

2
Bands of variable size and no telomere-specific PCR bands
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Table 2
Comparison of average telomere length in ES cell lines with wild type or Knockdown TERT

Cell Line Chrom Counted Avg Tel Fluor SD
Wild type
   10PWT-F 392 3677 1976
Knockout
   10PTKO-H 393 3414 2094
   10PTKO-4B 395 2539 1637
   10PTKO-A 518 1263 1034
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