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Abstract

Progressive telomere attrition or uncapping of the shelterin complex elicits a DNA damage
response (DDR) as a result of a cell’s inability to distinguish dysfunctional telomeric ends from
DNA double-strand breaks (DSBs)1. Telomere deprotection activates both ataxia telangiectasia
mutated (ATM) and telangiectasia and Rad3-related (ATR) kinase dependent DDR pathways and
promotes efficient non-homologous end-joining (NHEJ) of dysfunctional telomeres2-5. The
mammalian Mrel11-Rad50-NBS1 (MRN) complex interacts with ATM to sense chromosomal
DSBs and coordinate global DNA damage responses6, 7. While the MRN complex accumulates at
dysfunctional telomeres, it is not known whether mammalian MRN promotes repair at these sites.
Here we address this question by utilizing mouse alleles that either inactivate the entire MRN
complex or eliminate only the nuclease activities of Mre118. Cells lacking MRN do not activate
ATM when telomeric repeat binding factor 2 (TRF2) is removed from telomeres, and Ligase 4
(Lig4) dependent chromosome end-to-end fusions are markedly reduced. Residual chromatid
fusions involve only telomeres generated by leading strand synthesis. Strikingly, while cells
deficient for Mrell nuclease activity efficiently activate ATM and recruit 53BP1 to deprotected
telomeres, the 3’ telomeric overhang persists to prevent NHEJ-mediated chromosomal fusions.
Removal of shelterin proteins that protect the 3’ overhang in the setting of Mrell nuclease
deficiency restores Lig4 dependent chromosome fusions. Our data suggest a critical role for the
MRN complex in sensing dysfunctional telomeres, with Mrell nuclease activity required to
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remove the 3’ telomeric overhang to promote chromosome fusion. Mrell is also required to
protect newly replicated leading strand telomeres from engaging the NHEJ pathway, likely by
promoting 5’ strand resection to generate Potla-TPP1 bound 3’ overhangs that prevents NHEJ.

The proper maintenance of telomeres is essential for global genome stability. Mammalian
telomeres are composed TTAGGG repeats bound to shelterin, a complex of six core
proteins, including the double-stranded DNA binding proteins TRF1 and TRF2 and
Protection of Telomeres 1 (POT1) that interacts with its binding partner TPP1 to protect
single-stranded G-rich overhangsl. Telomeres rendered dysfunctional by the removal of
TRF2 are recognized as DSBs, activate ATM and are ligated by the NHEJ pathway to
generate fused chromosomes3. The MRN complex recruits ATM to sites of DSBs, where it
initiates a signaling cascade leading to checkpoint responses9, 10. While MRN localizes to
deprotected telomeres11, 12, its role in NHEJ-mediated repair is not well understood. We
sought to uncover the roles of the MRN complex in NHEJ by utilizing two mouse alleles of
Mre11: the Mre112/2 null allele that also abolishes the formation of the MRN complex, and
the Mre11H129N/A nyclease-deficient allele that eliminates both endo and exonuclease
functions of Mre118. To engage the NHEJ pathway, we removed TRF2 from telomeres with
retrovirus-mediated shTRF2 in SV40LT immortalized mouse embryonic fibroblasts (MEFS)
(Supplemental Fig. 1a). Metaphase spreads harvested 72 to 120h after shTRF2 treatment
revealed a progressive increase in the number of fused telomeres until nearly all
chromosomes are joined end-to-end (Supplemental Fig. 1b). This telomere fusion phenotype
was suppressed when MEFs were first complemented with shRNA-resistant murine TRF2
cDNA prior to shTRF2 treatment (Supplemental Fig. 1c, d, Supplemental table S1),
indicating that the telomere fusions observed are not due to off target effects of ShTRF2
treatment.

To determine whether Mrell is required for the DDR initiated by dysfunctional telomeres,
mouse embryo fibroblasts (MEFs) containing the conditional Mre11F/2 allele were infected
with adenovirus expressing Cre recombinase. The floxed Mrell allele was efficiently
deleted, with concomitant loss of Mrel1 protein as confirmed by Western blotting
(Supplemental Fig. 2b, c). Since TRF2 represses ATM activation at telomeres4, 5, removal
of TRF2 from Mre11F/2 cells resulted in robust ATM activation, phosphorylation of Chk2
and induction of y-H2AX and 53BP1 telomere-induced DNA damage foci (TIF) that
colocalized with telomeric DNA in 90% of cells examined (Figure 1a, ¢, Supplemental Fig.
3a). However, both ATM phosphorylation and TIF formation were reduced to 12% in
Mrel11&A MEFs in response to TRF2 depletion (Figure 1a, c; Supplemental Fig. 3a). To
determine whether the Mrell nuclease activity is required for ATM activation after
induction of telomere dysfunction, Mre11H129N/A MEFs were generated (Supplemental Fig.
2a—c). In contrast to Mre1122 MEFs, the phosphorylation of ATM and induction of TIFs
upon TRF2 depletion in Mre11H129N/A MEFs remained robust (Fig. 1b, d; Supplemental
Fig. 3b). These results suggest that ATM phosphorylation in response to TRF2 depletion
requires MRN, while the Mrel1 nuclease activity is dispensable for this function. At murine
telomeres, ATR activation is repressed by Potla4, 5. To test whether ATR activation at
telomeres requires MRN or Mrell nuclease activity, shPotla was utilized to remove Potla
in Mre112/2 and Mre11H129N/A MEFs. Potla depletion resulted in robust ATR
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phosphorylation and TIF formation in both cell types (Figure 1e, f, Supplemental Fig. 3c, d),
suggesting that Mrel1l is not required to activate an ATR-dependent DDR at telomeres due
to Potla loss.

Our data demonstrate that removal of TRF2 results in telomeres being recognized as DSBs
that elicit MRN dependent DDR. To determine whether repair of dysfunctional telomeres is
impacted in the setting of Mrell nuclease deficiency or upon removal of the MRN complex,
TRF2 was depleted in Mre114*, Mre11F/2, Mre114A and Mre11H129N/A MEFs, While
Mre11F/2 cells displayed extensive end-to-end chromosome fusions in a Lig4-dependent
manner, Mre112/2 cells showed a 15-fold reduction in the number of chromosome-
chromosome fusions (Fig 2a, Supplemental Fig, 4a—c and Supplemental Table S2).
Unexpectedly, chromosome-chromosome fusions were similarly reduced in nuclease-
deficient Mre11H129N/A ceis, even though the DDR is activated upon TRF2 loss (Fig 1d,
Fig 2a, and Supplemental Table S2). These results suggest a critical role of the Mrel1l
nuclease activity in mediating NHEJ of dysfunctional telomeres.

The dramatic reduction in the number of chromosome-chromosome fusions observed in
Mre11H129N/A ce||s treated with shTRF2 suggest the possibility that nucleolytic processing
of telomeric ends might be required for NHEJ of dysfunctional telomeres. To test this
hypothesis, we examined the status of the 3’ single-strand overhang using an in gel
hybridization assay. In contrast to shTRF2 treated Mre11F/2 cells, which showed rapid
reduction of the 3’ overhang due to NHEJ-mediated processing13, the 3’ overhang persists
in Mre114/2 and Mre11H129N/A ce||s with uncapped telomeres (Fig. 2b). Treatment with the
3’ end specific exonuclease Exol revealed that these overhangs are indeed single-stranded
telomeric repeats (Supplemental Fig, 5a, b). "The lack of overhang degradation in
Mre11H129N/A cel|s treated with ShTRF2 suggests that nucleolytic processing of 3’ telomeric
overhang by Mrell may be required for efficient NHEJ of telomeres rendered dysfunctional
through the removal of TRF2.

Interestingly, telomere fusions were not completely abolished in shTRF2 treated Mre114/A
cells. Instead, chromosome-orientation FISH (CO-FISH) revealed that ~90% of these rare
fusions involved the leading strands of sister chromatids (Fig. 2c, 2d). After telomeric
replication, telomeres formed by leading strand synthesis are initially blunt, while lagging
strand DNA synthesis result in the formation of 3’ overhang after the removal of the last
synthesis primer. Leading strand telomeric ends have to be enzymatically processed after
replication to produce a 3’ overhang that is protective against NHEJ-mediated fusion. We
postulate that the MRN complex prevents NHEJ of newly synthesized leading strand
telomeres by mediating 5’ end resection of the leading strand to generate a 3’ overhang. In
support of this notion, leading-leading chromatid fusions comprised ~60% of all chromatid
fusions in ShTRF2 treated Mre11H129N/A cels, suggesting that the nuclease activity of
Mrell is at least in part responsible for the formation of the 3’ overhang at the leading
strand (Fig. 2c, 2d).

While the Potla-TPP1 shelterin sub-complex14 binds to the 3’ single-stranded telomeric
overhang and represses ATR-mediated DDR4, 5, little is known how the overhang is
protected from engaging DNA repair pathway(s). The presence of intact single-stranded
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telomeric overhang in shTRF2 treated Mre114/H129N ce|ls, and the ability of this mutant to
activate ATM/ATR signaling pathways represents an unique opportunity to address this
question. Using immunostaining and telomere FISH to detect the localization of endogenous
TPP1 at single-stranded overhangs and the double stranded telomeric binding protein TRF1
to mark telomeres, we observed a 3.5-fold reduction of TPP1, but not TRF1, at telomeres in
Mrel1 proficient cells following TRF2 depletion (Supplemental Figs. 6a—c), reinforcing the
notion that telomeric accumulation of the Potla-TPP1 complex is reduced when TRF2 is
depleted15. In contrast, TPP1 immunostaining remained robust in ShTRF2 treated
Mre11H129N/A cells (Supplemental Figs. 6a—c), suggesting that Potla-TPP1 remain
complexed to the single-stranded telomeric overhangs in these cells.

We next asked whether removal of Potla-TPP1 rendered the overhang amenable to DSB
repair. We first depleted TRF2 in Mre11H129N/A MEFs, then removed Potla, Potlb, or TPP1
from the single-stranded overhang using ShRNAs (Supplemental Figure 7a). Depletion of
Potla but not Potlb resulted in a 3-fold increase in telomere end-to-end fusions (Figure 3a,
b), supporting the hypothesis that in mouse cells, Potla helps protect telomeres from
engaging inappropriate repair, while Pot1b is involved in the protection of the C-strand16—
19. Removal of TPP14 from the 3’ overhang of ShTRF2 treated Mre11H129N/A ce||s resulted
in a 5-fold increase in chromosome end-to-end fusions, with 30% of all chromosomes fused
(Fig. 3a, b, Supplemental Figs. 7a, 8a, b). Taken together, these results suggest that at
telomeres lacking TRF2 and Mrell nuclease activities, the TPP1-Potla complex is able to
fully protect the telomeric overhang from engaging inappropriate repair pathways.

ATM, ATR and 53BP1 have been implicated in mediating NHEJ of dysfunctional telomeres
following removal of TRF25, 20. We found that depletion of ATR, but not ATM, resulted in
a 3-fold reduction in the number of end-to-end chromosomal fusions induced by retroviral
expression of full-length TPP12RD in shTRF2 treated Mre11H129N/A cells (Figure 3c, d,
Supplemental Figs. 7b, 9a—c). Similarly, depletion of 53BP1 led to a 4-fold reduction of
chromosomes fused in Mre11H129N/A MEFs expressing TPP12RP (Figure 3c, d,
Supplemental Fig. 7c). Collectively, these data argue that in the absence of the Potla-TPP1
complex, processing of the single-stranded overhang does not require Mrell nuclease
activity to mediate ATR and 53BP1-dependent chromosomal fusions. We postulate that
other nucleases in the cell, for example the nucleotide excision repair nuclease ERCC1/XPF
that has been shown to remove the 3’ overhang when coupled to the NHEJ machinery13,
might substitute for Mrel1 nuclease function at this stage.

Finally, we asked which pathway (NHEJ vs. HR) is required for repair of the single-stranded
overhang. Removal of Potla/TPP1 from Mre11H129N/F MEFs resulted in elevated HR at
telomeres, detected as a 5-fold increase in telomere sister chromatid exchanges (T-SCEs)21
(Supplemental Fig. 10a, b). Interestingly, T-SCEs were not increased significantly in Potla/
TPP1 depleted Mre11H129N/A ce||s, suggesting that the Mrel1 nuclease activity plays an
important role in telomeric HR (Supplemental Fig. 10a—c). When TRF2 is removed from
Potla/TPP1 depleted Mre11H129N/A cells, robust Lig4 dependent chromosomal fusions were
observed (Fig. 4a—c). However, T-SCE levels in these cells remained similar to those
observed in control cells (Fig. 4d, Supplemental Fig. 11). These results supports the
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hypothesis that the main function of Potla-TPP1 is to repress HR at telomeres, while TRF2
is primarily responsible to repress NHEJ at telomeres.

The data presented here demonstrate multiple roles for the MRN complex at telomeres.
Mrell interacts with TRF2 and localizes to telomeres throughout the cell cyclell. Together
with TRF2, it plays a protective role in preventing NHEJ-mediated fusion of leading strand
telomeric DNA after replication, likely by promoting 5’ leading strand resection to generate
Potla-TPP1 bound 3’ overhangs that prevents NHEJ (Supplemental Fig. 12). While the
Mrell nuclease activity plays a role in this process, additional factors are likely to be
involved22. One such candidate is CtIP23, 24, since recent data suggests that the yeast
homolog Sae2 cooperates with Mrel1 to remove nucleotides at DSBs in a 5°-3’
endonucleolytic manner before extensive resection is performed by other nucleases
including Exol and Dna225-26. However, generation of 3’ single-stranded overhangs has
the undesired consequence of initiating inappropriate HR at telomeres. Indeed, the Mrell
nuclease activity is required for telomere HR after Potla-TPP1 is removed from the 3’
overhang. Since initiation of HR requires RPA binding to single-stranded DNA, we
speculate that the Potla-TPP1 complex represses HR by preventing RPA access to the 3’
overhang.

Removal of TRF2 from telomeres stimulates the MRN complex to activate ATM and 53BP1
to promote NHEJ. Surprisingly, removal of TRF2 also liberates the Mrell 3’-5’ nuclease
activity to processes 3’ telomeric overhangs prior to NHEJ of chromosome ends. Since
single stranded telomeric overhangs are incompatible with DNA ligation3, we speculate that
degradation of the 3" overhang by Mre1127, likely in conjunction with other components of
the NHEJ pathway13, is required to generate telomeric substrates amenable for joining by
Lig4. This model is supported by the observation that Mrell nuclease activities are required
for efficient NHEJ during class switch recombination in developing lymphocytes28.

Our studies also uncover an unexpected role for the Potla-TPP1 complex in protecting the
3’ overhang from NHEJ in the absence of TRF2 and Mrell nuclease activity. Since TRF2 is
thought to be essential for the formation of the t-loop structure proposed to protect
chromosome ends from engaging the NHEJ pathway, our result support the notion that
under certain conditions the t-loop is dispensable for telomere end protection29. We suggest
that the Potla-TPP1 complex cooperates with TRF2-Rapl during telomere replication, when
the t-loop is transiently lost, to protect the integrity of linear chromosomal ends30.

Methods Summary

Generation of MEFs and conditional deletion of Mrell

MEFs were isolated from E13.5 embryos obtained from crosses between Mre11F/2 and
Mre11F/H129N mice and grown in standard culture conditions. PCR based genotyping was
performed as described8. Primary MEFs were immortalized at passage 2 by transfection
with pBabeSV40LT. To delete Mrell, MEFs with different genotypes were treated by
adeno-Cre at multiplicities of infection (MOIs) of 500. Depletion of Mrell was confirmed
by PCR and Western Blot.
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shRNA interference

Methods

Two shRNA-TRF2s were generated in pSuper as described31. To generate Retro-pSuper
constructs, EcoR1- and Xhol-digested insert from pSuper was subcloned into the same site
into Retro-pSuper vector. The sShRNA target sequences for mouse TRF2 is: ShRNA-
TRF2-1: 5’-CTGTCATTATTTGTATC AA-3’; shRNA-TRF2-2: 5°-
GAACAGCTGTGATGAT-TAA-3’. The target sequence of ShARNA-TRF2-2 was changed
to 5’-CGT ACT GCA GTC ATG ATC -3’ by standard site-directed mutagenesis to create
shRNA-TRF2-2 resistant construct Retro-pSuper shTRF2-2-M (Stratagene). Lentivirus
based shRNAs for Ligase 1V, Mrel1 and 53BP1 were purchased from Sigma (sequences
available upon request). Published target sequences5 were constructed into Retro-pSuper
and used for knockdown of ATR. shRNAs for Potla, Pot1b, TPP1 and TPP12RD were as
described4. Retrovirus or lentivirus-mediated efficient knockdown of target genes was
verified by either RT-PCR or immunoblotting.

Mouse Genotyping

Mrell genotyping was performed as described8. The following primers are used: Forward
5’-TACAAAAGGTTGAAAATTTGAGAAGC-3’, Reverse 5 ’- TGTAATTGCAGGT-
CCTTAAAGGC-3’. The thermocycling conditions are 36 cycles of 95°C for 30 sec, 52°C
for 1 min, and 72°C for 1 min.

RNA isolation, RT-PCR

RNA was isolated from approximately 10° cells with the Qiagen RNAeasy kit. RT-PCR was
performed with the oligo-dT RT-PCR system according to the protocol provided by the
manufacturer (Invitrogen). The following primers for mPotla: Forward 5’-GATGAC-
GTCACAGGCGCCTAGG-3’; Reverse 5’-TCCCATACACACTGCACTCAATGG-3’.
mPotlb: Forward 5’-CTTTAAGCCTCCGGCCTTAAGCAAAGG-3’; Reverse: 5°-CTT-
GGACATGATTATCAGCAACGACAATGTCTAC-3’. mTPP1: Forward 5’-ATGTCC-
GATTCAGGGTTGCTGG-3’; Reverse 5’-TCATACCTGGGTTAACTCAGACTCT-
GACTC-3’. mGAPDH: Forward 5’-TCACCACCATGGAGAAGGC-3’; Reverse 5’-GC-
TAAGCAGTTGGTGGTGCA-3’.

Immunoblotting

Cell extracts were isolated and Western Blot was performed as described4. Antibodies are:
phospho-ATM Ser 1981(#20772) from Rockland; phospho-ATR (#2853S), ATR (#2790S)
and Mrell (#4895) are from Cell Signaling; Chk2 (#611570) is from BD Biosciences; vy-
tubulin and HA are from Sigma; yH2AX (#05-636) is from Upstate; anti-53BP1 antibody
obtained from Dr. Carpenter at UT Medical School; anti-TRF1 and TRF2 antibodies
obtained from Dr. Karlseder at Salk Institute.

IF (Immunofluorescence) and TIF (Telomere dysfunction Induced Foci) analysis

IF and TIF assay for cells with different genotypes grown on coverslips were performed as
described previously4 using the primary antibody TRF1, TPP1, 53BP1 or y-H2AX.
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Secondary antibodies against mouse or rabbit were labeled with Alexa 488 (Molecular
Probes) and Rhodamine Red-X (RRX, Jackson) respectively. For TIF assay the same
primary and secondary antibodies as above using a Tamra-(TTAGGG)3 PNA telomere
probe (Applied Biosystems). DNA was counterstained with 4.6-diamidino-2-phenylindole
(DAPI) and slides were mounted in 90% glycerol/10% PBS containing 1 ug/mL p-
phenylene diamine (Sigma). Digital images were acquired and analyzed as described4. Only
cells with 5 = 53BP1 or y-H2AX signals co-localized with telomere signal (TTAGGG)n
were scored.

Telomere fluorescence in situ hybridization (FISH) and CO-FISH

Cells were harvested at indicated time points and fixed, FISH and CO-FISH were performed
as described previously4, 17. Hybridization of metaphase spreads was performed with
TRITC-O0-(TTAGGG), peptide nucleic-acid probes (Applied Biosystems). For CO-FISH,
metaphase spreads were incubated sequentially with 5'-Tam-OO-(CCCTAA)4-3' and 5'-
FITC-OO-(TTAGGG),4-3' probes. Control experiments were performed to ensure that the
CO-FISH signals were dependent on the incorporation of BrdU and that the procedure did
not generate signals due to unintended denaturation of the telomeric DNA. A minimum of
500 chromosome ends were scored blindly for each genotype, and pairwise comparisons for
statistical significance were made by Student's t test. Differences between genetic
backgrounds were considered significant only when p values were less than 0.01. Digital
Images were captured and processed with MetaMorph Premier (Molecular Devices).

In-gel Telomeric G-overhang assay

In-gel G-overhang assay was performed essentially as described17. Following pulse-field
gel electrophoresis, gels were dried down at 40°C and prehybridized at 50°C for 1 h in
Church mix (0.5 M NayHPO4 (pH 7.2), 1 mM EDTA, 7% SDS, and 1% BSA), followed by
hybridization at 50°C overnight with an end-labeled (CCCTAA), oligonucleotide. After
hybridization, gels were washed three times with 4 x SSC for 30 min and once with 4 x
SSC/0.1% SDS. Gels were exposed to Phospholmager screens. Following G-overhang
assay, gels were alkali denatured (0.5 M NaOH and 1.5 M NaCl), neutralized (3 M NaCl
and 0.5 M Tris—HCI, pH 7.0), rinsed with H,O, and reprobed with the (CCCTAA),
oligonucleotide at 55°C and then processed as previously. To determine the relative
overhang signal, the signal intensity for each lane was determined before and after
denaturation using Imagequant software. The G-overhang signal was normalized to the total
telomeric DNA and this normalized value was compared between samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Activation of ATM, not ATR, following TRF2 depletion requiresthe MRN complex
but not Mrell nuclease activity

a, b, y-H2AX-positive TIFs in MEFs of the indicated genotypes after TRF2 depletion in
Mrell deficient SVA0LT immortalized MEFs (a) and Mrell nuclease activity deficient
MEFs (b). ¢, d, Western blots detecting TRF2, Mrell, ATM and Chk2 phosphorylation
after shTRF2 treatment in Mrel1 deficient SVA0LT immortalized MEFs (c) and Mrell
nuclease activity deficient MEFs (d). Tubulin served as loading control. e, f, Immunoblots
for Mrell and ATR phosphorylation and RT-PCR to detect Potla and GAPDH transcripts
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after shPotla infection of Mrell deficient SV40LT immortalized MEFs (e) and Mrell
nuclease activity deficient MEFs (f). Nsp: non-specific protein served as loading control.
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Figure 2. The MRN complex and Mrell nuclease activity arerequired for NHEJ of telomeres
lacking TRF2

a, MEFs of the indicated genotypes were treated with control vector or shTRF2 for 120h,
metaphases were prepared and telomere fusions were visualized by telomere PNA-FISH
(red) and DAPI (blue). b, In-gel hybridization assay using a CHEF gel to fractionate
genomic DNA, then hybridized in situto a (CCCTAA), probe to detect the 3’ overhang
under native conditions (left) and under denatured condition (right) to detect total TTAGGG
repeats (right). ¢, (Left panel): Telomeric probes used in CO-FISH experiments [FITC-OO-
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(TTAGGG)y; green, labels the leading strand and Tam-OO-(CCCTAA)g; red, labels the
lagging strand] and schematic of fusion products expected in chromosome-chromosome,
leading-leading chromatid and lagging-lagging chromatid fusions. (Right panel): Fusion
products of shTRF2 treated cells of the indicated genotypes analyzed by CO-FISH. DNA
was detected by DAPI (blue). Representative images are shown. d, Quantification of the
types of fusions observed in cells of the indicated genotypes as a percentage of total fusions
observed following TRF2 depletion. A minimum of 150 independent fusion events with
telomeric signals at the sites of fusions were characterized per genotype.
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_Figure 3. Potla-TPP1 complex protects single-stranded over hangs from engaging in
inappropriate repair

a, Depletion of Potla or TPP1, but not Potlb, results in pronounced telomere fusions in
metaphase spreads from shTRF2 treated Mre11H129N/A MEFs, with telomeric PNA-FISH
(red) and DAPI (blue). b, Quantitation of telomere fusions from representative images are
shown in (b). Error bars, s.d.; n = 350, asterisk, p<0.001. ¢, Depletion of ATR or 53BP1
inhibits chromosomal fusions generated by expression of TPP12RD ¢cDNA and removal of
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TRF2 in Mre11H129N/A MEFs, d, Qunatification of telomere fusions from representative
images shown in (c). Error bars, s.d.; n = 900, asterisk, p<0.001.
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Figure4. LigaselV isrequired for NHEJ of single-stranded telomeric overhangs
a, Immunoblot demonstrating that shLig4 efficiently depletes Lig4 from Mre11H129N/A

nuclease-deficient MEFs expressing TPP12RD and shTRF2. Nsp: nonspecific protein used
as loading control. b, Lig4 is required for chromosomal fusions in Mre11H129N/A pyclease-
deficient MEFs expressing TPP12RD and shTRF2. ¢, Quantitation of number of fusions per
chromosome from representative images shown in (b). Error bars, s.d.; n = 850, asterisk,
p<0.001. d, T-SCEs in Mre11H129N/A nyclease-deficient MEFs deficient in Lig4, TRF2 and
TPP1. CO-FISH was performed using FITC-OO-TTAGGG, (green) and Tam-OO-
(CCCTAA), (red) probes.
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