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L E T T E R S

Ku70 stimulates fusion of dysfunctional telomeres 
yet protects chromosome ends from homologous 
recombination
Giulia B. Celli1,2,3, Eros Lazzerini Denchi1,3 and Titia de Lange1,4

Ku70–Ku80 heterodimers promote the non-homologous end-
joining (NHEJ) of DNA breaks and, as shown here, the fusion 
of dysfunctional telomeres. Paradoxically, this heterodimer is 
also located at functional mammalian telomeres and interacts 
with components of shelterin, the protein complex that 
protects telomeres1–6. To determine whether Ku contributes 
to telomere protection, we analysed Ku70–/– mouse cells7. 
Telomeres of Ku70–/– cells had a normal DNA structure and did 
not activate a DNA damage signal. However, Ku70 repressed 
exchanges between sister telomeres — a form of homologous 
recombination implicated in the alternative lengthening of 
telomeres (ALT) pathway8. Sister telomere exchanges occurred 
at approximately 15% of the chromosome ends when Ku70 and 
the telomeric protein TRF2 were absent. Combined deficiency 
of TRF2 and another NHEJ factor, DNA ligase IV, did not elicit 
this phenotype. Sister telomere exchanges were not elevated 
at telomeres with functional TRF2, indicating that TRF2 and 
Ku70 act in parallel to repress recombination. We conclude 
that mammalian chromosome ends are highly susceptible to 
homologous recombination, which can endanger cell viability if 
an unequal exchange generates a critically shortened telomere. 
Therefore, Ku- and TRF2-mediated repression of homologous 
recombination is an important aspect of telomere protection.

Although double-strand breaks (DSBs) activate the ATM kinase and are 
repaired by NHEJ and homologous recombination, the ends of chro-
mosomes are not normally processed by these pathways. Cells make the 
distinction between DSBs and natural chromosome ends based on the 
telomeric complex, composed of TTAGGG repeats bound to shelterin 
(reviewed in ref. 9). Chromosome ends become a substrate for NHEJ when 
telomeres are damaged due to attrition of telomeric DNA or when the shel-
terin component TRF2 is inhibited. Deletion of TRF2 from TRF2F/– mouse 
embryonic fibroblasts (MEFs), which contain an allele of TRF2 that can 
be deleted with Cre–recombinase, results in the fusion of most telom-
eres, generating long trains of multiple joined chromosomes10 (Fig. 1a, b). 

These fusions require DNA ligase IV (the ligase involved in NHEJ), indicat-
ing that the telomere fusions are formed by this pathway10. However, the role 
of Ku in telomere–telomere fusions had not been established and the pres-
ence of occasional telomere–telomere fusions in Ku-deficient cells2,4 argued 
against a strict requirement for Ku in the telomere fusion pathway.

To examine the role of Ku70 in telomere fusions, TRF2F/– Ku70–/– MEFs 
were generated and the deletion of TRF2 was induced with Cre. The 
G1–S arrest resulting from TRF2 loss11 was circumvented by inactivating 
the p53 pathway, either genetically or with SV40 Large T antigen (SV40-
LT). Deletion of TRF2 in the Ku70–/– cells was efficient and resulted 
in loss of TRF2 and its interacting partner Rap1 (see Supplementary 
Information, Fig. S1a, b and data not shown). NHEJ of the dysfunctional 
telomeres generated by TRF2 deletion was reduced at least tenfold when 
Ku70 was absent (Fig. 1a, b). Furthermore, genomic blots showed that 
the telomeric restriction fragments of Ku70–/– cells persisted unaltered 
and retained their telomeric overhang (Fig. 1c and see Supplementary 
Information, Fig. S1d). We conclude that Ku70 is important for the 
removal of the telomeric overhang and the joining of telomeric ends 
after loss of TRF2. Whereas Ku70 deficiency lowered the frequency of 
telomere fusions by a factor 10, absence of DNA ligase IV reduced the 
telomere fusions by more than 100-fold10, suggesting that a subset of the 
telomere fusions require DNA ligase IV but not Ku. Ku-independent 
end joining has been described in Saccharomyces cerevisiae, where it was 
shown to utilize short regions of homology (micro-homology mediated 
end-joining, MMEJ12). It is possible that the two base pair (TA–AT) 
homology within each telomeric repeat is sufficient for Ku-independent 
MMEJ of mammalian telomeres.

End-loading of the Ku70–Ku80 ring-shaped complex onto DNA ends 
is thought to be an early step in NHEJ13. We propose that TRF2 blocks 
this step by hiding the telomere end in the t-loop structure. T-loops are 
an altered configuration of telomeres14, where the 3′ telomeric overhang 
is paired with the duplex telomeric repeat array. It is not expected that 
the Ku70–Ku80 ring can load onto a chromosome end in the t-loop con-
figuration. The requirement for TRF2 in repression of NHEJ is consistent 
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with this model, as TRF2 has been implicated in t-loop formation in in 
vitro studies14,15. Thus, TRF2-mediated t-loop formation may be a simple 
architectural mechanism by which functional telomeres block loading 
of Ku70–Ku80 and thwart the NHEJ pathway.

Several observations have suggested that mammalian Ku, while pro-
moting NHEJ of damaged telomeres, may protect chromosome ends. For 
example, mammalian Ku interacts with shelterin components in vitro and 
in vivo2,3,6 and can be detected at human telomeres by chromatin immuno-
precipiation (ChIP)1,4. Furthermore, in unicellular eukaryotes and in plants, 
Ku has been shown to contribute to several aspects of telomere protection 
and telomere-length regulation16,17. We therefore evaluated the contribution 
of Ku70 to three aspects of telomere function: the maintenance of telomeric 
DNA; the repression of a DNA damage signal at chromosome ends; and the 
protection of telomeres from homologous recombination.

Ku70 deficiency did not lead to a significant change in the structure of 
the telomeric DNA or the ability of telomeres to avoid activation of a DNA 
damage signal at chromosome ends. Previous studies to assess the effect 
of Ku deficiency on telomere length resulted in conflicting reports4,18,19. 
Our data showed no significant change in the length of the telomeric 
repeat array and, as reported previously19, the 3′ telomeric overhang of 
Ku70–/– MEFs was not significantly altered compared with wild-type Ku70 
littermate controls (Fig. 1c and see Supplementary Information, Fig. S1c). 
We next asked whether Ku is required to repress the activation of a DNA 
damage signal at chromosome ends. The accumulation of DNA dam-
age response factors (such as γ-H2AX and 53BP1), in so called telomere 
dysfunction induced foci (TIFs) at chromosome ends is a well-established 
indicator of telomere dysfunction10,20,21. Ku70–/– cells showed no evidence 
of significant telomere deprotection based on the TIF assay (Fig. 2a–c). 

Furthermore, Ku70–/– cells did not show the high level of Chk2 phos-
phorylation observed in cells that experienced telomere deprotection on 
deletion of TRF2 (Fig. 2d). The moderate level of Chk2 phosphorylation 
observed in Ku70–/– and Lig4–/– cells (Fig. 2d) is likely due to their NHEJ 
deficiency. Taken together, these data suggestthat most of the telomeres in 
Ku70–/– cells have a normal DNA structure and retain the ability to mask 
the chromosome ends from the DNA damage surveillance.

In contrast, Ku70 contributes to the protection of telomeres from 
homologous recombination between sister telomeres (telomere sister-
chromatid exchange, T-SCE22,23). This process can shorten and elon-
gate individual telomeres when the exchanged segments are not equal 
(Fig. 3a). T-SCEs can be monitored using chromosome-orientation 
fluorescent in situ hybridization (CO-FISH24), which detects the paren-
tal TTAGGG and CCCTAA strands of the two sister telomeres at one 
end of metaphase chromosomes (Fig. 3a). The rate of T-SCE was not 
significantly increased in Ku70–/– cells compared with Ku70+/–, Ku70+/+ 
and Lig4–/– cells (Fig. 3d, e and Table 1). In each setting, between 1.5–3% 
of the chromosome ends displayed evidence of a T-SCE event. Although 
this basal rate of sister chromatid exchanges is high compared with the 
rest of the genome, it is consistent with the data presented in other 
studies25,26. T-SCEs were also not significantly elevated in absence of 
TRF2. This conclusion was based on conditional deletion of TRF2 from 
TRF2F/–Lig4–/– cells, which do not undergo telomere fusion so that the fate 
of unligated telomere ends could be determined (Fig. 3e and Table 1).

Although loss of Ku70 or TRF2 alone had no significant effect, absence of 
both proteins greatly increased the rate of T-SCEs. Approximately 15–20% 
of chromosome ends showed T-SCEs in TRF2F/–Ku70–/– cells treated with 
Cre (Fig. 3b, c and Table 1). The median frequency of T-SCEs showed a wide 
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Genotype Chromosome Telomere Fraction of telomeres 
(all p53 deficient) ends analysed fusions  fused (percentage)
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Figure 1 Ku70 stimulates fusion of dysfunctional telomeres. (a) Metaphases 
from cells with the indicated genotypes 96 h after introduction of Cre. DNA 
stained with DAPI (false coloured in red). Telomeric DNA was detected by 
FISH (FITC, green). (b) Quantification of telomere fusion frequency in cells 
with the indicated genotypes. Telomere fusion frequencies were determined 
by inspection of images similar to those shown in a 96 h after introduction 
of Cre. (c) Genomic blot of telomeric restriction fragments of cells with the 

indicated genotypes before and after introduction of Cre. DNA was harvested 
96 hours after Cre expression, digested with MboI and hybridized with a 
telomere specific probe. In-gel hybridization to native DNA and rehybridization 
after in situ denaturation are shown. DNAs were treated with Escherichia coli 
exonuclease I as indicated. The single-stranded telomeric DNA signal was 
normalized to the total telomeric DNA signal in each lane. The numbers below 
the gel represent the ratios relative to the value obtained in the first lane. 
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range for individual metaphase cells (0–48%). There were no metaphases in 
which more than 50% of the chromosome ends showed T-SCEs. A maxi-
mum frequency of 50% is expected if homologous recombination generates 
crossover and non-crossover events in a one to one ratio. Metaphases in 
which almost 50% of the telomeres showed T-SCEs suggest that, in these 
cells, most telomeres participated in a recombination event during or after 
their replication. The observed T-SCE events showed various exchange 
ratios, ranging from near reciprocal to exchanges that were detectable 
with only one of the two probes (Fig. 3b, c). Such unequal exchanges are 
expected to alter the lengths of the sister telomeres (Fig. 3a).

In addition to T-SCEs, inappropriate homologous recombination at 
telomeres can have a second outcome — the deletion of t-loop-sized seg-
ments27. Referred to as t-loop homologous recombination, these deletions 
are thought to involve the formation and resolution of a Holliday junction 
at the base of the t-loop. As is the case with T-SCEs, repression of t-loop 
homologous recomination involves TRF2. To determine whether the 

t-loop homologous recomination and T-SCEs are repressed by the same 
pathway, we made use of an amino-terminal deletion mutant of TRF2, 
TRF2∆B, which lacks the ability to repress t-loop homologous recombi-
nation while retaining the ability to protect telomeres from NHEJ27. To 
examine whether TRF2∆B was also deficient in repression of T-SCEs, 
TRF2F/–Ku70–/– and TRF2F/–Ku70+/– controls were infected with retrovi-
ral vectors encoding full-length TRF2 or TRF2∆B (see Supplementary 
Information, Fig. S1b, d). As expected, both TRF2 proteins repressed 
the telomere-fusion phenotype associated with TRF2 deficiency (see 
Supplementary Information, Fig. S1d and data not shown). In addi-
tion, full-length TRF2 and TRF2∆B repressed the T-SCEs in Cre treated 
TRF2F/–Ku70–/– cells (see Supplementary Information, Fig. S1e). The sim-
plest interpretation of these results is that t-loop homologous recombina-
tion and T-SCEs are repressed through distinct pathways.

These data reveal that telomeres require protection from homolo-
gous recombination between sister telomeres. The frequency of T-SCE at 
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Figure 2 Absence of a significant telomere DNA damage signal in Ku70–/– 
cells. (a) TIF analysis on TRF2F/–Ku70–/– cells before and after introduction 
of Cre. Immunofluorescence for γ-H2AX (Alexa488, green) and TRF1 (RRX, 
red), merged with DAPI stain for DNA (blue). (b) TIF analysis on TRF2F/–

Ku70–/– cells after Cre. Immunofluorescence for 53BP1 (Alexa488, green) 
and TRF1 (RRX, red), merged with DAPI stain for DNA (blue). Cells were 
analysed 96 h after introduction of Cre. (c) Quantification of the percentage 
of TIF-positive cells versus the indicated Ku70 and TRF2 status. TIFs 

were scored in >50 cells based on colocalization of γ-H2AX or 53BP1 with 
TRF1 as shown in a and b. Cells with >4 TIFs were scored as TIF positive. 
In Ku70–/–TRF2F/– cells treated with Cre most TIF positive cells contained 
>25 TIFs. Mean values derived from at least three experiments are given. 
(d) Phosphorylation of Chk2 in cells with the indicated genotypes, with or 
without Cre treatment. Immunoblot of protein extracts prepared 96 h after 
introduction of Cre probed for phospho-Chk2. γ-tubulin served as a loading 
control. All of the nuclei shown in a and b are 8−15 µm in diameter.
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dysfunctional telomeres is remarkably high. Assuming an average size 
for mouse telomeres of approximately 30 kb and a median T-SCE rate 
of 15%, the rate of sister-chromatid exchanges in this part of the genome 
is 2–3 orders of magnitude higher than elsewhere. The propensity of 
unprotected telomeres to undergo homologous recombination may 
simply be due to fact that they are DNA ends. Protection requires either 
TRF2 or Ku70 (and by inference, Ku80). The finding that Ku represses T-
SCEs at mammalian telomeres is consistent several observations:  inhibi-
tion of homologous recombination at ISceI and RAG-induced breaks28,29; 
observations on DSB processing in Ku-deficient chicken DT-40 cells30; 
the proposal that Ku creates a barrier to recombination at telomeres in 
budding yeast31; the repression of budding yeast telomere-rapid deletions 

by Ku32; and the induction of subtelomeric rearrangements in Ku-defi-
cient fission yeast33. In each of these examples, it seems that Ku has the 
ability to inhibit some aspect of homologous recombination.

How Ku and TRF2 prevent T-SCEs is not known, but a model is sug-
gested by their shared ability to bind to the telomere terminus. Ku70–
Ku80 binds DNA ends, regardless of their sequence, and has been shown 
to bind to DNA ends with TTAGGG repeats in vitro, even when flanked 
by a 3′ overhang34. TRF2 is a double-stranded TTAGGG-repeat bind-
ing protein that can bind to its duplex site, regardless of the context. 
However, TRF2 preferentially binds to its site when it is present at the end 
of a DNA with a 3′ telomeric overhang15. Furthermore, TRF2 contributes 
to the recruitment of the single-stranded DNA binding protein POT1 
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Figure 3 Induction of T-SCEs in absence of TRF2 and Ku70. (a) Schematic 
representation of T-SCE detection using CO-FISH. The boxed inset shows a 
simplified schematic representation of telomere-length alterations through 

unequal sister chromatid exchange. (b, c) T-SCEs in TRF2F/–Ku70–/– cells 
after treatment with Cre. (d, e) Absence of T-SCEs in Ku70–/–cells that have 
TRF2, and in TRF2F/–Lig4–/– cells after treatment with Cre.  

Table 1 Effect of Ku70, Lig4 and TRF2 defi ciency on T-SCE frequency 

Cellsa Gene(s) defi cient Chromosome ends analysedb Frequency of T-SCE per endc

TRF2F/–Ku70+/– – 2380 2.6 ± 1.5% (n = 3)

TRF2F/–Ku70–/– Ku70 2912 1.6 ± 1.4% (n = 4)d

TRF2F/–Ku70–/– + Cre Ku70 + TRF2 3617 15.5 ± 8.4% (n = 4)d

TRF2F/–Ku70–/– + Cre Ku70 + TRF2 4180 20.8 ± 15% (n = 4)

TRF2F/–Lig4–/– Lig4 1934 1.9 ± 3.2% (n = 3)

TRF2F/–Lig4–/– + Cre Lig4 + TRF2 4003 3.9 ± 2.4% (n = 4)
aAll cells lacked functional p53.bTotal number of chromosome ends analysed in three or four independent experiments. Only chromosome ends with clearly distinguishable sister telomeres 
were analysed. Chromosome ends that were fused or closely associated were excluded from analysis. cT-SCE events were analysed as shown in Fig. 3. dThis set of experiments involved cells 
expressing SV40 large T antigen.
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to the telomere and the association of POT1 with the single-stranded 
overhang could further facilitate the positioning of TRF2–POT1 at the 
telomere terminus. Thus, both Ku70–Ku80 and TRF2 (with or without 
POT1) might be expected to associate with the chromosome end when 
telomeres occur in an ‘open’ state, for instance, during or immediately 
after DNA replication. The presence of Ku70–Ku80 or TRF2–POT1 at 
the telomere terminus may be sufficient to block the loading of homolo-
gous recombination factors.

Ku70–Ku80 is an important component of the NHEJ pathway and, as 
such, is a major contributor to the stability of mammalian chromosomes. 
The data presented here indicate that Ku70–Ku80 also functions in the 
maintenance of genome integrity through its protective role at telom-
eres. As Ku70–Ku80 acts in parallel with TRF2, its requirement for the 
repression of T-SCEs may not surface unless TRF2 is compromised. 
However, when telomeres become very short they contain less TRF2, 
therefore, the repression of T-SCEs by Ku70–Ku80 could become impor-
tant for telomere stability. Consistent with this observation, T-SCEs are 
more frequent in late passage mouse telomerase RNA component null 
(mTERC–/–) ES cells with very short telomeres25. The repression of T-
SCEs by Ku70–Ku80 could be particularly important in primary human 
somatic cells that undergo programmed telomere shortening. Increased 
T-SCEs at short telomeres could generate daughter cells with one or 
more dysfunctional telomeres (Fig. 3a). Interestingly, whereas Ku is not 
essential in the mouse, deletion of Ku86 from human HTC116 cells 
results in a DNA damage signal and cell death after 8–10 cell doublings35. 
As HTC116 cells have short telomeres, they may require Ku86 to repress 
T-SCEs and succumb to the lethal effects of critically shortened telom-
eres when Ku86 is deleted. Our results also raise the possibility that the 
elevated T-SCE rate at the telomeres of human ALT cells8 is caused by a 
change in the Ku- and TRF2-mediated repression described here.

Collectively, the data suggest that mammalian telomeres use three 
distinct mechanisms to repress inappropriate DSB repair at chromo-
some ends (Fig. 4). TRF2 has a central role in each of these pathways by 
repressing NHEJ, intra-telomeric recombination (t-loop homologous 
recombination) and the telomere-telomere recombination detected by 
the T-SCE assay. It has been proposed that repression of NHEJ involves 
the formation of t-loops that could block end-loading of Ku (Fig. 4). 
Although the t-loop structure prevents NHEJ, it facilitates t-loop homol-
ogous recombination and this pathway is repressed by the basic N-termi-
nal domain of TRF2 (ref. 27). The basic domain of TRF2 is not required 
to repress NHEJ or telomere–telomere recombination, indicating that 
repression of t-loop homologous recombination involves a distinct 
mechanism (Fig. 4). The repression of telomere–telomere recombina-
tion differs from the other two pathways in that it can be repressed by 
both Ku70 and TRF2. As our findings reveal that the type of DSB repair 
at natural chromosome ends can be directed by manipulating the status 
of Ku70 and TRF2, this system may be a valuable tool for studies of both 
telomere function and DSB repair in mammalian cells.  

METHODS
Conditional deletion of TRF2 from MEFs. TRF2 conditional knockout 
mice10 were crossed with Ku70–/– mice7 (obtained from F. Alt, Harvard Medical 
School, Boston, MA) to generate E12.5–13.5 embryos. MEFs were generated 
according to standard protocols, immortalized at early passage (≤P2) with 
pBabeSV40LT and infected with H&R Cre as described previously10.

Analysis of telomeric DNA by genomic blotting, FISH and CO-FISH. 
Methods for CHEF gel electrophoresis of mouse telomeric DNA and FISH 
using a Tamra-[TTAGGG]3 PNA probe (Applied Biosystems, Foster City, 
CA) were previously described10. DNA was counterstained with DAPI 
and slides were mounted in 90% glycerol, 10% PBS containing 1 μg ml–1 
p-phenylene diamine (Sigma, St Louis, MO). Images were captured with 
a Zeiss Axioplan II microscope and a Hamamatsu C4742-95 camera using 
Improvision OpenLab software. For CO-FISH, cells were grown in 10 µM 
BrdU:BrdC (3:1) for 16 h with the addition of 0.2 μg ml–1 demecolcine for 
the final 2 h. Slides were treated with RNAase A (0.5 mg ml–1) for 10 min 
at 37 °C, stained with Hoechst 33258 (0.5 µg ml–1) in 2× SSC for 15 min 
at room temperature and exposed to 365-nm UV light (Stratalinker 1800 
UV irradiator) for 30 min. Following digestion with Exonuclease III (10 U 
µl–1; Promega, Madison, WI) for 10 min at room temperature, slides were 
dehydrated through an ethanol series (70%, 95% and 100%) and incu-
bated sequentially with TAMRA-TelG 5′-[TTAGGG]3-3′ and FITC-TelC 
5′-[CCCTAA]3-3′ probes at room temperature. Control experiments were 
performed to ensure that the CO-FISH signals were dependent on the incor-
poration of BrdU/C and that the procedure did not generate signals due to 
unintended denaturation of the telomeric DNA.

Immunofluorescence microscopy and immunoblotting. 
Immunofluorescence microscopy was performed as previously described10 
using the following antibodies: TRF1, affinity purified rabbit peptide antibody 
against mTrf1 (644); TRF2, affinity purified rabbit antibody against GST–
mTrf2 (1254); Rap1, affinity purified rabbit antibody against GST–mRap1 
(1252); 53BP1, mouse monoclonal antibody 39 (a gift from T. Halazonetis, 
Wistar Institute, Philadelphia, PA); γH2AX (Upstate Biotechnology, Lake 
Placid, NY). Secondary anti-mouse and anti-rabbit antibodies were labelled 
with Alexa 488 (MolecularProbes, Eugene, OR) and rhodamine red-X (RRX, 
Jackson ImmunoResearch, West Grove, PA), respectively. Immunoblots 
were prepared as previously described10 using antibody 1252 to mouse Rap1, 
antibodies to phospho-Chk2 (BD Bioscience, San Diego, Ca), antibodies to 
γ-tubulin (clone GTU 488; Sigma), or an anti-Myc antibodies (Ab 9E10). 
Blots were developed with enhanced chemiluminescence (ECL, Amersham, 
Piscataway, NJ).

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure 4 Schematic representation of the roles of TRF2 and Ku70 in repressing 
DSB repair at mammalian telomeres. TRF2 is required for the inhibition of 
NHEJ and concomitant overhang processing by the ERCC1−XPF nuclease. This 
function of TRF2 is proposed to depend on its ability to remodel telomeres into 
t-loops. Although protecting telomeres from NHEJ, t-loops are at risk of being 
deleted by homologous recombination if a Holiday junction is formed. TRF2 
has a role in repressing t-loop homologous recombination through a function 
in its N-terminal basic domain. This report describes the role of TRF2 and Ku 
in repressing a third type of inappropriate repair at telomeres, recombination 
between sister telomeres. Thus, Ku threatens telomeres by mediating NHEJ, 
but also protects telomeres from homologous recombination.
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Figure S1 Cre-mediated deletion of TRF2 from TRF2F/-Ku70-/- cells, analysis 
of telomere status in Ku70-/- and Ku70+/- littermates, and suppression 
of T-SCEs by TRF2 and TRF2∆B. (a) PCR analysis of DNAs from cells with 
the indicated genotypes before or at 96 hours after introduction of Cre.  (b) 
TRF2 deletion induces the expected loss of Rap1 protein and this effect 
is repressed by full length TRF2 and TRF2∆B. Immunoblot for TRF2 and 
Rap1 in cells with the indicated genotypes before and after deletion of 
TRF2 with Cre. Cell extracts were probed with an antibody to Rap1 (1252). 
TRF2 expression is detected with an antibody to the myc tag on these 
cDNAs (Ab 9E10). The loading control is a non-specific band in the Rap1 
blot.  (c) Ku70 deficiency does not lead to a significant change in telomere 
structure. CHEF gel of DNAs from four littermates with the indicated 
genotypes. Processing and quantification as in Fig. 1C. (d) Repression of 
telomere fusions induced by TRF2 deletion by full length TRF2 and TRF2∆B. 

CHEF gel of DNAs from cells with the indicated genotypes treated with Cre 
as indicated. Cells carried retrovirally expressed alleles of TRF2 (FL, myc 
tagged full length TRF2; ∆B, myc tagged TRF2∆B). Telomere fusions result in 
increased MW of the telomeric fragments. (e) Repression of T-SCEs induced 
by TRF2 deletion by full length TRF2 and TRF2∆B. Cells with the indicated 
genotypes were infected with retrovirally expressed myc tagged TRF2, 
TRF2∆B, or the empty vector (none). Expression of the proteins is shown 
in panel b. Cells were treated with or without Cre and processed for T-SCE 
analysis as described in Figure 3. Bars indicate the frequency of T-SCE per 
chromosome end based on examination of 800 chromosome ends. A second 
independent experiment (not shown) showed similar repression of T-SCEs 
by full length TRF2 and TRF2∆B. The asterisk indicates that T-SCEs were 
not scored in TRF2F/-Ku70+/-p53-/- cells treated with Cre. These cells have 
prominent telomere-telomere fusions prohibiting evaluation of T-SCEs.
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