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Here, we address the role of the MRN (Mre11/Rad50/Nbs1) complex in the response to telomeres rendered
dysfunctional by deletion of the shelterin component TRF2. Using conditional NBS1/TRF2 double-knockout
MEFs, we show that MRN is required for ATM signaling in response to telomere dysfunction. This establishes
that MRN is the only sensor for the ATM kinase and suggests that TRF2 might block ATM signaling by
interfering with MRN binding to the telomere terminus, possibly by sequestering the telomere end in the t-loop
structure. We also examined the role of the MRN/ATM pathway in nonhomologous end joining (NHEJ) of
damaged telomeres. NBS1 deficiency abrogated the telomere fusions that occur in G1, consistent with the
requirement for ATM and its target 53BP1 in this setting. Interestingly, NBS1 and ATM, but not H2AX,
repressed NHEJ at dysfunctional telomeres in G2, specifically at telomeres generated by leading-strand DNA
synthesis. Leading-strand telomere ends were not prone to fuse in the absence of either TRF2 or MRN/ATM,
indicating redundancy in their protection. We propose that MRN represses NHEJ by promoting the generation
of a 3� overhang after completion of leading-strand DNA synthesis. TRF2 may ensure overhang formation by
recruiting MRN (and other nucleases) to newly generated telomere ends. The activation of the MRN/ATM
pathway by the dysfunctional telomeres is proposed to induce resection that protects the leading-strand ends
from NHEJ when TRF2 is absent. Thus, the role of MRN at dysfunctional telomeres is multifaceted, involving
both repression of NHEJ in G2 through end resection and induction of NHEJ in G1 through ATM-dependent
signaling.

Mammalian telomeres solve the end protection problem
through their association with shelterin. The shelterin factor
TRF2 (telomere repeat-binding factor 2) protects chromo-
some ends from inappropriate DNA repair events that
threaten the integrity of the genome (reviewed in reference
32). When TRF2 is removed by Cre-mediated deletion from
conditional knockout mouse embryo fibroblasts (TRF2F/�

MEFs), telomeres activate the ATM kinase pathway and are
processed by the canonical nonhomologous end-joining
(NHEJ) pathway to generate chromosome end-to-end fusions
(10, 11).

The repair of telomeres in TRF2-deficient cells is readily
monitored in metaphase spreads. Over the course of four or
five cell divisions, the majority of chromosome ends become
fused, resulting in metaphase spreads displaying the typical
pattern of long trains of joined chromosomes (10). The repro-
ducible pace and the efficiency of telomere NHEJ have allowed
the study of factors involved in its execution and regulation. In
addition to depending on the NHEJ factors Ku70 and DNA
ligase IV (10, 11), telomere fusions are facilitated by the ATM

kinase (26). This aspect of telomere NHEJ is mediated
through the ATM kinase target 53BP1. 53BP1 accumulates at
telomeres in TRF2-depleted cells and stimulates chromatin
mobility, thereby promoting the juxtaposition of distantly po-
sitioned chromosome ends prior to their fusion (18). Telomere
NHEJ is also accelerated by the ATM phosphorylation target
MDC1, which is required for the prolonged association of
53BP1 at sites of DNA damage (19).

Although loss of TRF2 leads to telomere deprotection at all
stages of the cell cycle, NHEJ of uncapped telomeres takes
place primarily before their replication in G1 (25). Postrepli-
cative (G2) telomere fusions can occur at a low frequency upon
TRF2 deletion, but only when cyclin-dependent kinase activity
is inhibited with roscovitine (25). The target of Cdk1 in this
setting is not known.

Here, we dissect the role of the MRN (Mre11/Rad50/Nbs1)
complex and H2AX at telomeres rendered dysfunctional
through deletion of TRF2. The highly conserved MRN com-
plex has been proposed to function as the double-stranded
break (DSB) sensor in the ATM pathway (reviewed in refer-
ences 34 and 35). In support of this model, Mre11 interacts
directly with DNA ends via two carboxy-terminal DNA binding
domains (13, 14); the recruitment of MRN to sites of damage
is independent of ATM signaling, as it occurs in the presence
of the phosphoinositide-3-kinase-related protein kinase inhib-
itor caffeine (29, 44); in vitro analysis has demonstrated that
MRN is required for activation of ATM by linear DNAs (27);
a mutant form of Rad50 (Rad50S) can induce ATM signaling
in the absence of DNA damage (31); and phosphorylation of
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ATM targets in response to ionizing radiation is completely
abrogated upon deletion of NBS1 from MEFs (17). These
data and the striking similarities between syndromes caused
by mutations in ATM, Nbs1, and Mre11 (ataxia telangiec-
tasia, Nijmegen breakage syndrome, and ataxia telangiecta-
sia-like disease, respectively) are consistent with a sensor
function for MRN.

MRN has also been implicated in several aspects of DNA
repair. Potentially relevant to DNA repair events, Mre11
dimers can bridge and align the two DNA ends in vitro (49)
and Rad50 may promote long-range tethering of sister chro-
matids (24, 50). In addition, a binding partner of the MRN
complex, CtIP, has been implicated in end resection of DNA
ends during homology-directed repair (39, 45). The role of
MRN in NHEJ has been much less clear. MRX, the yeast
orthologue of MRN, functions during NHEJ in Saccharomyces
cerevisiae but not in Schizosaccharomyces pombe (28, 30). In
mammalian cells, MRN is not recruited to I-SceI-induced
DSBs in G1, whereas Ku70 is, and MRN does not appear to be
required for NHEJ-mediated repair of these DSBs (38, 54).
On the other hand, MRN promotes class switch recombination
(37) and has been implicated in accurate NHEJ repair during
V(D)J recombination (22).

The involvement of MRN in ATM signaling and DNA re-
pair pathways has been intriguing from the perspective of telo-
mere biology. While several of the attributes of MRN might be
considered a threat to telomere integrity, MRN is known to
associate with mammalian telomeres, most likely through an
interaction with the TRF2 complex (48, 51, 57). MRN has been
implicated in the generation of the telomeric overhang (12),
the telomerase pathway (36, 52), the ALT pathway (55), and
the protection of telomeres from stochastic deletion events (1).
It has also been speculated that MRN may contribute to for-
mation of the t-loop structure (16). t-loops, the lariats formed
through the strand invasion of the telomere terminus into the
duplex telomeric DNA (21), are thought to contribute to telo-
mere protection by effectively shielding the chromosome end
from DNA damage response factors that interact with DNA
ends, including nucleases, and the Ku heterodimer (15).

H2AX has been studied extensively in the context of chro-
mosome-internal DSBs. When a DSB is formed, ATM acts
near the lesion to phosphorylate a conserved carboxy-terminal
serine of H2AX, a histone variant present throughout the
genome (7). Phosphorylated H2AX (referred to as �-H2AX)
promotes the spreading of DNA damage factors over several
megabases along the damaged chromatin and mediates the
amplification of the DNA damage signal (43). The signal am-
plification is accomplished through a sequence of phospho-
specific interactions among �-H2AX, MDC1, NBS1, RNF8,
and RNF168, which results in the additional binding of ATM
and additional phosphorylation of H2AX in adjacent chroma-
tin (reviewed in reference 33). The formation of these large
domains of altered chromatin, referred to as irradiation-in-
duced foci at DSBs and telomere dysfunction-induced foci
(TIFs) at dysfunctional telomeres (44), promotes the binding
of several factors implicated in DNA repair, including the
BRCA1 A complex and 53BP1 (33).

In agreement with a role for H2AX in DNA repair, H2AX-
deficient cells exhibit elevated levels of irradiation-induced
chromosome abnormalities (5, 9). In addition, H2AX-null B

cells are prone to chromosome breaks and translocations in the
immunoglobulin locus, indicative of impaired class switch re-
combination, a process that involves the repair of DSBs
through the NHEJ pathway (9, 20). Since H2AX is dispensable
for the activation of irradiation-induced checkpoints (8), these
data argue that H2AX contributes directly to DNA repair.
However, a different set of studies has concluded that H2AX is
not required for NHEJ during V(D)J recombination (5, 9) but
that it plays a role in homology-directed repair (53). In this
study, we have further queried the contribution of H2AX to
NHEJ in the context of dysfunctional telomeres.

Our aim was to dissect the contribution of MRN and H2AX
to DNA damage signaling and NHEJ-mediated repair in re-
sponse to telomere dysfunction elicited by deletion of TRF2.
Importantly, since ATM is the only kinase activated in this
setting, deletion of TRF2 can illuminate the specific contribu-
tion of these factors in the absence of the confounding effects
of ATR signaling (26). This approach revealed a dual role for
MRN at telomeres, involving both its function as a sensor in
the ATM pathway and its ability to protect telomeres from
NHEJ under certain circumstances.

MATERIALS AND METHODS

Generation of MEFs and deletion of conditional alleles. MEFs from E13.5
embryos obtained from crosses between TRF2F/F and NBS1F/�, TRF2F/F and
H2AX�/�, and TRF2F/� ATM�/� and Lig4�/� mice (E. Lazzerini Denchi and
T. de Lange, unpublished data) were isolated and immortalized at passage 2 with
pBabeSV40LT (a gift from G. Hannon). Simian virus 40 (SV40)-transformed
TRF2F/� ATM�/� and TRF2F/� ATM�/� were previously described (26). To
delete TRF2 or NBS1, Cre was introduced by retroviral infection using the
pMMP Hit&Run Cre retroviral construct (40). Briefly, Hit&Run Cre was ex-
pressed in ecotropic Phoenix cells. Virus-containing supernatant was collected at
36, 48, and 60 h posttransfection, and MEFs were infected consecutively three
times every 12 h. The medium was changed 12 h after the last infection, and cells
were analyzed at the indicated time points after the second infection.

Immunoblotting. Cells were lysed in 2� Laemmli buffer (100 mM Tris-HCl,
pH 6.8, 200 mM dithiothreitol, 3% sodium dodecyl sulfate, 20% glycerol, 0.05%
bromophenol blue) at 104 cell per �l, denatured for 7 min at 100°C, and sheared
with an insulin needle before the equivalent of 2 � 105 cells per lane was loaded.
After immunoblot analysis, membranes were blocked in phosphate-buffered
saline (PBS) with 5% milk and 0.1% Tween and incubated with the following
primary antibodies in 5% milk and 0.1% Tween: H2AX (rabbit polyclonal;
11175; Abcam), NBS1 (rabbit polyclonal; a gift from J. Petrini), TRF2 (rabbit
polyclonal; 1254 [10]), Chk2 (mouse monoclonal; BD Biosciences), ATM-
S1981-P (mouse monoclonal; Cell Signaling), and ATM (MAT3; Sigma). �-Tu-
bulin (clone GTU 488; Sigma) was used as a loading control. Blots were devel-
oped with enhanced chemiluminescence (Amersham).

Immunofluorescence-fluorescence in situ hybridization (FISH). Cells were
grown on coverslips and fixed for 10 min in 2% paraformaldehyde at room
temperature (RT) (�-H2AX, MDC1, and 53BP1), followed by PBS washes, or
the cells were fixed for 10 min in 1:1 methanol-acetone at �20°C (NBS1),
followed by dehydration and rehydration in PBS for 5 min. Coverslips were
blocked for 30 min in blocking solution (1 mg/ml bovine serum albumin, 3% goat
serum, 0.1% Triton X-100, 1 mM EDTA in PBS). Next, the cells were incubated
with the following primary antibodies diluted in blocking solution for 1 h at RT:
53BP1 (rabbit polyclonal; 100-304A; Novus Biologicals), �-H2AX-S139-P
(mouse monoclonal; Upstate Biotechnology), MDC1 (mouse monoclonal; a gift
from J. Chen), and NBS1 (rabbit polyclonal; a gift from J. Petrini). After PBS
washes, coverslips were incubated with rhodamine Red-X-labeled secondary
antibody raised against mouse or rabbit (RRX; Jackson) for 30 min and washed
in PBS. At this point, coverslips were fixed with 2% paraformaldehyde for 10 min
at RT; washed extensively in PBS; dehydrated consecutively in 70%, 90%, and
100% ethanol for 5 min each; and allowed to dry completely. Hybridization
solution (70% formamide, 1 mg/ml blocking reagent [Roche], 10 mM Tris-HCl,
pH 7.2), containing the peptide nucleic acid (PNA) probe fluorescein isothio-
cyanate (FITC)-OO-(CCCTAA)3 (Applied Biosystems), was added to each cov-
erslip, and the cells were denatured by heating for 10 min at 80°C on a heat block.
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After a 2-h incubation at RT in the dark, cells were washed twice with washing
solution (70% formamide, 10 mM Tris-HCl, pH 7.2) and twice in PBS. DNA was
counterstained with DAPI (4�,6-diamidino-2-phenylindole) and slides were
mounted in antifade reagent (ProLong Gold; Invitrogen). Digital images were
captured with a Zeiss Axioplan II microscope with a Hamamatsu C4742-95
camera, using Improvision OpenLab software.

Telomere FISH. At the indicated time points after Cre infection, cells were
incubated for 1 h and 15 min with 0.2 �g/ml colcemid, harvested by trypsiniza-
tion, swollen in KCl, and fixed overnight in methanol-acetic acid (3:1). When
indicated, cells were treated for 4 h prior to being harvested with 50 �M rosco-
vitine. The following day, metaphases were dropped on glass slides in a con-
trolled environment (thermocycler; 20°C; 50% humidity) and aged overnight.
For PNA FISH, slides were washed in PBS once and fixed in 4% formaldehyde
for 2 min at RT. After extensive PBS washes, spreads were digested for 10 min
at 37°C with 1 mg/ml pepsin dissolved in 10 mM glycine, pH 2.2. Slides were then
washed in PBS, fixed again in 4% formaldehyde for 2 min at RT, and washed in
PBS before dehydration by consecutive 5-min incubations in 70%, 90%, and
100% ethanol. After air drying, hybridization solution containing the FITC-OO-
(CCCTAA)3 PNA probe (Applied Biosystems) was added and spreads were
denatured by heating for 3 min at 80°C on a heat block. Spreads were then
allowed to hybridize in the dark for 2 h at RT. Two 15-min washes were
performed with washing solution 1 (70% formamide, 10 mM Tris-HCl, pH 7.0,
0.1% bovine serum albumin), followed by three washes in washing solution 2 (0.1
M Tris-HCl, pH 7.0, 0.15 M NaCl, 0.08% Tween 20), with DAPI added to the
second wash to counterstain the chromosomal DNA. Slides were dehydrated in
an ethanol series (75%, 90%, and 100%) and were mounted in antifade reagent
(ProLong Gold; Invitrogen). Digital images were captured with a Zeiss Axioplan
II microscope with a Hamamatsu C4742-95 camera, using Improvision OpenLab
software.

Telomere chromosome orientation-FISH (CO-FISH). Cells were grown in the
presence of 10 �M BrdU-BrdC (3:1) for 16 h, and colcemid was added for the
last 1 h and 15 min at a concentration of 0.2 �g/ml. Metaphases were harvested,
fixed, and spread on glass slides as described for FISH. Prior to hybridization,
slides were washed once with PBS, treated with RNase A (0.5 mg/ml in PBS) for
10 min at 37°C, stained with Hoechst 33258 (0.5 mg/ml in 2� SSC [1� SSC is
0.15 M NaCl plus 0.015 M sodium citrate]) for 10 min at RT, and exposed to
365-nm UV light (Stratalinker 1800 UV irradiator) for 30 min. The BrdU-BrdC-
substituted DNA strand was digested with exonuclease III (10 U/ml) for 10 min
at RT. The slides were dehydrated in an ethanol series (75%, 90%, and 100%)
and hybridized to the TAMRA (6-carboxytetramethylrhodamine)-OO-(TTAG
GG)3 PNA probe (Applied Biosystems) in hybridization solution (see FISH
protocol) for 2 h in the dark at RT. Next, the slides were briefly washed in
washing solution 1 (see FISH protocol) and incubated with the FITC-OO-(CC
CTAA)3 PNA probe (Applied Biosystems) in hybridization solution for 2 h in the
dark at RT. The subsequent washing, mounting, and visualization steps were
performed as for the FISH protocol.

In-gel analysis of telomeric DNA. Pulsed-field gel electrophoresis and in-gel
detection of mouse telomeric DNA were done as described previously (46). Cells
were resuspended in PBS and mixed 1:1 (vol/vol) with 2% agarose (SeaKem
agarose) to obtain 5 � 105 cells per agarose plug. Plugs were digested overnight
with 1 mg/ml proteinase K (in buffer containing 100 mM EDTA, 0.2% sodium
deoxycholate, 1% sodium lauryl sarcosine), washed extensively with TE buffer
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA), and incubated overnight at 37°C with
60 U MboI. The following day, the plugs were washed once in TE and once in
water and equilibrated in 0.5� Tris-borate-EDTA (TBE). Plugs were loaded on
a 1% agarose-0.5� TBE gel and run for 24 h using a CHEF-DRII pulsed-field
gel electrophoresis apparatus (Bio-Rad) in 0.5� TBE running buffer. The set-
tings were as follows: initial pulse, 5 min; final pulse, 5 min; 6 V/cm2; and 14°C.
In-gel hybridization of the native gel with [�-32P]ATP end-labeled (CCCTAA)4

oligonucleotides and subsequent denaturation and hybridization steps were
performed as described previously (46). Gels were exposed on a PhosphorImager
screen overnight, and a single-stranded G-overhang signal was quantified with
ImageQuant software and normalized to the total telomeric DNA quantified
after denaturation. The percents overhang value given represent the ratios of the
overhang signal detectable at different time points (normalized to the total
TTAGGG repeat signal in the same lane) in comparison to the overhang signal
for the same cells not treated with Cre.

RESULTS

MRN as the only sensor in the ATM response to telomere
dysfunction. To address the role of NBS1 in the ATM-medi-

ated response to telomere damage elicited by loss of TRF2, we
crossed NBS1F/� (37, 56) mice with TRF2F/F (10) mice. We
isolated TRF2F/F NBS1F/� and TRF2F/F NBS1F/� MEFs from
E13.5 littermate embryos and immortalized the cells at pas-
sage 2 with SV40 large T antigen, abrogating the p53 path-
way. Efficient Cre-mediated deletion of NBS1 and TRF2 in
the various MEF lines was confirmed by immunoblotting
(Fig. 1A).

Depletion of TRF2 in control, NBS1-proficient MEFs led to
activation of the ATM signaling pathway, evidenced by the
presence of the autophosphorylated, active form of the ATM
kinase, ATM-S1981-P, and by the extensive phosphorylation of
the ATM kinase target, Chk2 (Fig. 1A) (11). Consistent with a
requirement for MRN as the sensor in the ATM kinase path-
way, both ATM autophosphorylation and Chk2 phosphoryla-
tion were abrogated when Nbs1 was absent (Fig. 1A). Further-
more, deletion of NBS1 eliminated the formation of
discernible TIF containing �-H2AX, MDC1, and 53BP1 (Fig.
1B). Quantification of Cre-treated TRF2F/F NBS1F/� and
TRF2F/F NBS1F/� MEFs revealed that whereas 89% � 2% of
control cells had more than 10 53BP1 TIFs per cell, only �1%
of NBS1-deficient cells were TIF positive (Fig. 1C). The ab-
sence of checkpoint signaling and the abrogation of TIF in
NBS1-deficient cells with telomere dysfunction recapitulate
the phenotypes of ATM loss and substantiate the conclusion
that the MRN complex is the only sensor in the ATM pathway.

For comparison, we examined the role of another chroma-
tin-associated DNA damage response factor, H2AX, in the
ATM-mediated response to telomere dysfunction. Similar to
what was found for NBS1, deficiency in H2AX abolished the
formation of cytologically discernible NBS1, MDC1, and
53BP1 TIFs in Cre-treated TRF2F/F H2AX�/� MEFs (see Fig.
S1A in the supplemental material). Quantitative analysis re-
vealed that less than 1% of the H2AX-deficient cells contained
10 or more 53BP1 foci at deprotected telomeres, compared to
more than 90% of H2AX-proficient cells (see Fig. S1B in the
supplemental material). The requirement for H2AX in TIF
formation is consistent with its role in promoting irradiation-
induced-focus formation. However, unlike for NBS1, defi-
ciency in H2AX only diminished and did not abolish Chk2
phosphorylation (see Fig. S1C in the supplemental material).
Altogether, these data draw a distinction between the sensor
MRN complex, which is required for the activation of the
ATM pathway, and other chromatin-associated DNA damage
response factors, such as H2AX, which contribute to the am-
plification of the damage signal.

NBS1 promotes G1 chromosome-type fusions. Next, we
asked whether NBS1 played a role in the NHEJ pathway that
processes dysfunctional telomeres upon loss of TRF2. We
compared the frequencies of fused chromosome ends in meta-
phase chromosome spreads collected from TRF2F/F NBS1F/�

and TRF2F/F NBS1F/� MEFs at successive time points after
Cre-mediated deletion of TRF2. As expected, in control
NBS1-proficient cells, we observed a progressive increase in
the frequency of fused chromosome ends (Fig. 2). At 96 h after
Cre treatment, 50% � 10% of the chromosome ends had
fused, and at 120 h, this frequency increased to 60% � 2%
(Fig. 2A and C). Deletion of TRF2 from NBS1-deficient cells
also led to the occurrence of telomere fusions, but the frequen-
cies were greatly reduced, to 4% � 0.4% and 13% � 3%, at 96
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and 120 h after Cre treatment, respectively (Fig. 2A and C).
The decreased rate of NHEJ was not due to changes in pro-
liferation, since growth rates were comparable for Cre-treated
NBS1-proficient and -deficient cells (see Fig. S2 in the supple-
mental material), arguing that NBS1 directly promotes the
repair of dysfunctional telomeres.

Interestingly, in addition to the overall reduction in the
frequency of telomere fusions in TRF2/NBS1-deficient cells,
we noted a marked shift in the type of fusions. The repair of
TRF2-depleted telomeres takes place primarily before DNA
replication, presumably in G1, leading to chromosome-type
fusions in metaphase spreads (25). In accordance, we found

FIG. 1. The MRN complex is the sensor in the ATM pathway. (A) Immunoblots detecting NBS1, TRF2, ATM-S1981-P, and Chk2 phosphorylation
in indicated MEFs, harvested untreated or 72 h after Cre infection. �-Tubulin was used as a loading control. � indicates a nonspecific band. (B) Effects
of NBS1 deletion on �-H2AX, MDC1, and 53BP1 TIF formation. TRF2F/F NBS1F/� and TRF2F/F NBS1F/� MEFs, harvested 72 h after Cre treatment
and processed for immunofluorescence-FISH (�-H2AX, MDC1, or 53BP1 [green] costained with telomeric TTAGGG-specific FISH probe [red] or
DAPI [blue]). Images were merged and enlarged. (C) Frequency of TIF-positive cells. At least 150 cells processed as described for panel B were scored
for 10 or more telomeric 53BP1 foci. Average values and standard deviations for three independent experiments are indicated.
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that more than 90% of the NHEJ events detected in meta-
phase spreads of control NBS1-proficient cells lacking TRF2
were chromosome-type fusions (Fig. 2A to C). In contrast, only
20 to 30% of the fusion events detected in metaphase spreads
of TRF2/NBS1-deficient cells were of the chromosome type
(Fig. 2A to C). When chromatid- and chromosome-type fu-
sions were scored separately, we found that deficiency in NBS1
was associated with a 	10-fold suppression in the occurrence
of chromosome-type fusions, arguing that NBS1 is required for
the majority of telomere NHEJ events in G1. This result is
consistent with the requirement for NBS1 in ATM signaling,
since repression of G1 telomere fusions was also observed in
TRF2/ATM-deficient cells (see below). This diminished effi-

ciency of NHEJ at dysfunctional telomeres in G1 is likely due
to the lack of 53BP1-mediated telomere mobility (18).

Absence of H2AX also affected the frequency of telomere
fusions, but to a lesser extent. We observed a five- to sevenfold
reduction in the frequency of NHEJ when TRF2 was removed
in H2AX-deficient cells (see Fig. S2 and S3A and B in the
supplemental material), consistent with the phenotype ob-
served in cells deficient for MDC1 and in cells where MDC1 or
H2AX protein levels were downregulated by RNA interfer-
ence (18, 19). Most likely, the abilities of �-H2AX to amplify
the ATM signal and to promote the MDC1-mediated accumu-
lation of 53BP1 in TIFs are relevant to its contribution to the
NHEJ pathway.

FIG. 2. Effect of NBS1 deficiency on telomere fusions. (A) Metaphase spreads from TRF2F/F NBS1F/� and TRF2F/F NBS1F/� MEFs, harvested
untreated or 96 and 120 h after Cre infection. Telomeric signals were detected with FITC-OO-(CCCTAA)3 oligonucleotide (green), and DNA was
stained with DAPI (red). Enlarged panels show representative chromosome- and chromatid-type fusions. (B) Schematic of the method used to
determine the frequency of fused ends in metaphase spreads containing chromosome-type, chromatid-type, and sister telomere fusion events.
(C) Quantification of the frequency of chromosome ends engaged in chromosome- and chromatid-type fusions, scored as described for panel B,
in metaphase spreads of cells shown in panel A. Bars represent averages of results from three independent experiments, and error bars indicate
standard deviations. At least 2,000 chromosome ends were scored for each cell line and treatment. (D) Quantification of the frequency of
chromosome ends engaged in chromatid-type and sister telomere fusions, scored as described for panel B, in metaphase spreads of TRF2F/F

NBS1F/� and TRF2F/F NBS1F/� MEFs, harvested at 96 h after Cre treatment, in the presence or absence of 50 �M roscovitine for 4 h prior to
harvesting. Error bars represent standard deviations from the average values for three independent experiments. At least 2,000 chromosome ends
were scored for each cell line and treatment.
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MRN and TRF2 repress NHEJ of telomeres formed by
leading-strand synthesis. The prevalent type of fusions in
Cre-treated TRF2F/F NBS1F/� cells was the chromatid type,
indicative of postreplicative repair in S/G2 (Fig. 2A to C).
Postreplicative fusions were rarely observed in H2AX-defi-
cient cells (see Fig. S3A and B in the supplemental mate-
rial), suggesting that MRN, but not H2AX, acts to prevent

the NHEJ pathway from engaging dysfunctional telomeres
in late S/G2.

One of the possible postreplicative fusion events is the join-
ing of the telomeres of sister chromatids (sister telomere fu-
sions) (see schematic in Fig. 3A). Sister telomere fusions re-
quire that the NHEJ reaction joins a telomere formed by
leading-strand DNA synthesis and one formed by lagging-

FIG. 3. NBS1 prevents the fusions of telomeres generated by leading-strand DNA synthesis. (A) Schematic of the possible telomere fusion
events that can be detected in metaphase spreads. (Top) The fusion of dysfunctional telomeres before replication (G0 or G1) leads to the
occurrence of chromosome-type fusions in metaphase spreads. (Bottom) Postreplicative (S or G2) repair of dysfunctional telomeres can give rise
to sister, chromosome-type, or chromatid-type telomere fusions. The different combinations of joining events between leading- and lagging-strand
chromatids are indicated. (B) Schematic of the CO-FISH method used to differentiate telomeres resulting from leading- and lagging-strand DNA
synthesis. (C) Metaphase spreads of TRF2F/F NBS1F/�, TRF2F/F NBS1F/�, and TRF2�/� NBS1F/� MEFs, analyzed by CO-FISH at 120 h after Cre
treatment. Telomeric signals on the leading strand were detected with TAMRA-OO-(TTAGGG)3 oligonucleotide (red) and costained with
FITC-OO-(CCCTAA)3 probe (green) specific to lagging-strand telomeres; DNA was stained with DAPI (blue). Enlarged panels show represen-
tative fusion events. (D) Table showing the chromatid-type fusions detected in metaphase spreads of Cre-treated TRF2F/F NBS1F/�, TRF2F/F

NBS1F/�, and TRF2�/� NBS1F/� cells (shown in panel C). The total number of chromosome ends, the number of chromatid ends fused, and the
number of leading ends fused to leading ends are indicated. The data were confirmed in an independent experiment. At least 3,000 chromosome
ends were scored for each cell line.
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strand DNA synthesis. As sister fusions were rarely observed in
the TRF2/NBS1 double-knockout setting (Fig. 2D), we con-
sidered that either the lagging-strand end or the leading-strand
end remained protected from NHEJ.

We further characterized the chromatid-type fusions ob-
served upon loss of TRF2 and NBS1 by using CO-FISH (3),
which can differentiate between the telomeres generated by
leading- and lagging-strand DNA synthesis (Fig. 3A and B).
Without exception, the chromatid fusions observed in TRF2F/F

NBS1F/� cells at 120 h after Cre treatment involved the joining
of two leading-strand telomeres (Fig. 3C and D). Since G2

telomere fusions rarely occur as a consequence of TRF2 de-
letion alone (Fig. 2; see also Fig. S4 in the supplemental ma-
terial) or deletion of NBS1 alone (Fig. 3C and D), there appear
to be at least two independent pathways that protect leading-
strand telomeres from fusion in G2: one requiring TRF2 (but
not NBS1 or not NBS1 alone) and one involving NBS1 (inde-
pendent of TRF2).

Telomeres formed by leading-strand DNA synthesis are
likely to be initially blunt, whereas telomeres formed by lag-
ging-strand DNA synthesis are predicted to have a short 3�
extension after the removal of the last primer for lagging-
strand synthesis. To generate the telomeric overhang, which is
required for telomere function, telomere ends are thought to
be processed after each round of DNA replication. Based on
these considerations, we asked whether Nbs1 might be re-
quired for overhang generation at leading-strand telomeres
after replication in cells that lack TRF2. We therefore ana-
lyzed the telomeric overhang in NBS1F/�, TRF2F/F NBS1F/�,

and TRF2F/F NBS1F/� cells at 96 and 120 h after Cre infection
by in-gel hybridization (Fig. 4A and data not shown). Nbs1 loss
by itself did not lead to a significant change in overhang signal
(data not shown). As expected, TRF2 deletion in NBS1-
proficient cells resulted in a progressive decrease in over-
hang signal that roughly correlated with the frequency of
telomere fusions at each time point (Fig. 4A and B). At 96 h
after Cre treatment, only 35% � 7% of the overhang signal
was detectable (Fig. 4B) and the corresponding amount of
overhang loss (65% � 7%) was comparable to the frequency
of chromosome end fusions observed at the same time point
(50% � 10%) (Fig. 3D). Similarly, at 120 h after Cre treat-
ment, as more telomere fusions were formed (60% � 2%)
(Fig. 3D), the overhang signal decreased to 21% � 6%
(equivalent to a 79% � 6% overhang loss) (Fig. 4B). These
data are consistent with the coupling between overhang loss
and telomere fusions that occur in TRF2-depleted mouse
cells (19).

In the TRF2/NBS1-deficient setting, there was much less
overall overhang loss, as expected on the basis of the lower
level of telomere fusions. However, it appeared that in the
absence of Nbs1 and TRF2, there was a greater level of over-
hang loss (41% � 12% at 120 h after Cre treatment) (Fig. 4B)
than would be expected on the basis of the occurrence of
telomere fusions (13% � 3% at 120 h after Cre treatment)
(Fig. 2C). This result would be consistent with a deficiency in
the generation of the overhang at leading-strand telomeres
when cells lack TRF2 and NBS1. However, the findings would
need to be further confirmed in a setting where no telomere

FIG. 4. Telomeric overhangs in TRF2- and NBS1-deficient cells. (A) Telomeric DNA analysis. (Left) In-gel assay detecting 3� overhang of
TRF2F/F NBS1F/� and TRF2F/F NBS1F/� MEFs, harvested untreated or 96 and 120 h after infection with Cre and processed by in-gel hybridization
to a (CCCTAA)4 probe to detect single-stranded TTAGGG repeats (native). (Right) The DNA was denatured in situ and rehybridized to the same
probe to detect the total TTAGGG signal (denatured). Overhang signals were quantified with ImageQuant software and normalized to the total
TTAGGG signal in the same lane. The numbers below the gel represent the percentages of normalized overhang signal compared to the
normalized overhang signal for the same cells not treated with Cre. (B) Quantification of telomeric overhang at 0, 96, and 120 h after infection
with Cre in five independent experiments. The overhang signals at different time points after Cre infection are represented as percentages of the
overhang signal in the absence of Cre for the same cell line.

5558 DIMITROVA AND DE LANGE MOL. CELL. BIOL.

 at R
ockefeller U

niversity on O
ctober 13, 2009 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org


fusions occur (e.g., TRF2/NBS1/DNA ligase IV triple knock-
out), thus avoiding confounding aspects of overhang loss dur-
ing NHEJ.

A previous study had implicated cyclin-dependent kinase
activity in the repression of postreplicative DNA ligase IV-
dependent NHEJ of dysfunctional telomeres generated by de-
letion of TRF2 (25) (Fig. 2D). Importantly, roscovitine induces
sister telomere fusions, indicating that Cdk1 inhibition renders
both the lagging- and leading-strand telomeres sensitive to
NHEJ. We therefore asked whether roscovitine affected the
leading-strand fusions found in NBS1/TRF2-deficient cells.
The frequency of chromatid-type fusions in NBS1/TRF2-defi-
cient cells was not increased by roscovitine (Fig. 2D), suggest-
ing that NBS1 is in the same pathway as Cdk1 with regard to
protection of the leading-strand ends and that the MRN com-
plex might be the relevant Cdk1 target in this setting. It is
puzzling, however, that roscovitine did not induce sister telo-
mere fusions in NBS1/TRF2-deficient cells whereas it had the
expected effect in TRF2-null cells and in TRF2/H2AX-defi-
cient cells (Fig. 2D; see also Fig. S3C in the supplemental
material). Thus, when NBS1 is absent, the lagging-strand telo-
meres fail to fuse to their leading-strand sisters, even though
their protection is breached by treatment with roscovitine. One
interpretation of this result is that NBS1 contributes to a step
required specifically for the NHEJ reaction involving lagging-
strand telomeres that is not required when leading-strand ends
are fused.

ATM and NBS1 have the same effect on telomere NHEJ in
G2. We next asked whether in the context of TRF2 deletion
ATM-null cells gave rise to a phenotype similar to that ob-
served in NBS1-deficient cells (Fig. 5A). In metaphase spreads
of TRF2F/� ATM�/� MEFs analyzed at 120 h after Cre treat-
ment, we observed that approximately 9% of the chromosome
ends were engaged in leading- to leading-end chromatid-type
fusions, compared to less than 1% in control cells (Fig. 5B to
D), indicating that deficiencies in ATM and NBS1 give rise to
the same phenotype. In both settings, we also observed low
frequencies of chromosome-type fusions at the later time
points. We consider it likely that these fusions represent chro-
mosomes with a prior G2 chromatid-type fusion event that
underwent nondisjunction followed by replication of the fusion
point in the next cell cycle.

In order to address whether the G2 fusion events were in fact
due to NHEJ, we generated TRF2F/� ATM�/� Lig4�/� cells
which lack the major ligase responsible for NHEJ, DNA ligase
IV (Fig. 5B). In the absence of DNA ligase IV, the incidence
of chromatid-type fusions was reduced at least ninefold at the
late, 120-h time point after Cre treatment (Fig. 5C and D),
indicating that the majority of fusions was a consequence of
NHEJ. On the basis of these findings, we conclude that lead-
ing-strand telomeres are vulnerable to processing by the NHEJ
pathway after replication. Furthermore, the data suggest that
the MRN/ATM pathway and TRF2 can independently provide
telomere protection during the G2 stage of the cell cycle.

DISCUSSION

MRN as the sensor in the ATM pathway. Our results
strongly argue in favor of the view that the MRN complex is
required for the activation of ATM at dysfunctional telomeres.

The data establish that no other activity, at least no other
activity present in the MEFs studied here, can activate the
ATM kinase signaling cascade at telomeres lacking TRF2. The
conclusion that MRN is the only sensor for the ATM pathway
is consistent with a body of work published previously (re-
viewed in references 34 and 35) and with recent data that
showed a strong (but incomplete) dependence of DNA dam-
age signaling on Mre11 in the context of telomere dysfunction
generated by a dominant-negative allele of the shelterin com-
ponent TPP1 (6). The strength of the system used here is that
it affords a more precise parsing of the role of MRN in the
ATM pathway, as deletion of TRF2 does not activate other
signaling pathways.

Mounting evidence indicates that the molecular events that
take place at deprotected telomeres recapitulate the sequence
of events that occur in response to chromosome-internal
DSBs, including the activation of checkpoint signaling, the
recruitment of DNA damage response factors, and the NHEJ-
mediated repair of the DNA ends (reviewed in reference 32).
On the basis of the extent of this parallel, we consider it likely
that the requirement for MRN in ATM activation is not a
unique feature of dysfunctional telomeres but pertains to all
DSBs.

How telomeres block the ATM pathway and NHEJ. The
demonstration that MRN is required for ATM signaling at
dysfunctional telomeres now suggests a model for the mecha-
nism by which telomeres solve this aspect of the end protection
problem. As TRF2 is required for prevention of activation of
ATM at telomeres, it might act by repressing the MRN sensor
step. MRN is known to engage DNA ends, and this feature is
generally assumed to be the critical mechanism by which MRN
detects DSBs (27). One obvious way by which telomeres might
avoid alerting MRN/ATM is by sequestering the chromosome
end in the t-loop configuration. TRF2 has been implicated in
the formation of the t-loop structure (21, 42), although this
role has not been demonstrated in vivo. If TRF2 is indeed
required for the formation and/or maintenance of t-loops, a
model whereby TRF2 generates t-loops, which prevent the
activation of the ATM pathway by simply blocking MRN from
engaging the chromosome end, can be proposed (Fig. 6A).

This model is analogous to that proposed for the inhibition
of NHEJ, which posited that t-loops prevent the Ku het-
erodimer from gaining access to the chromosome end (11, 15).
Since both the Ku heterodimer and the MRN/ATM pathway
contribute to NHEJ of dysfunctional telomeres, we can now
expand this model and suggest that t-loops, by blocking two
types of DNA end binding activities, MRN and Ku70/80, block
the initiation and execution of this detrimental repair pathway
at natural chromosome ends (Fig. 6A).

Contribution of MRN/ATM to NHEJ. The contribution of
the MRN/ATM pathway to the execution of NHEJ in G1 can
be explained through its ability to promote 53BP1-mediated
chromatin mobility, which facilitates the fusion of uncapped
chromosome ends (18). However, deficiency in ATM or MRN
results in a more severe NHEJ phenotype than the absence of
H2AX or MDC1, both of which act downstream of ATM/
MRN to promote accumulation of 53BP1 at dysfunctional telo-
meres. One explanation is that the massive 53BP1 accumula-
tion required for cytological detection is in excess of the
requirement for NHEJ. Perhaps the phosphorylation of a lim-
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FIG. 5. ATM protects leading-strand telomeres from processing by NHEJ upon loss of TRF2. (A) Immunoblot detection of ATM, TRF2, and Chk2
in TRF2F/� ATM�/�, TRF2F/� ATM�/�, and TRF2F/� ATM�/� Lig4�/� MEFs untreated or 72 h after Cre infection. �-Tubulin was used as a loading
control. � indicates a nonspecific band. (B) Metaphase spreads of TRF2F/� ATM�/�, TRF2F/� ATM�/�, and TRF2F/� ATM�/� Lig4�/� MEFs,
analyzed by CO-FISH untreated or 120 h after Cre treatment. Telomeric signals on the leading strand were detected with TAMRA-OO-(TTAGGG)3
oligonucleotide (red) and costained with a lagging-strand telomere-specific FITC-OO-(CCCTAA,)3 probe (green); DNA was stained with DAPI (blue).
(C) Quantification of chromosome- and chromatid-type fusions detected in metaphase spreads of cells shown in panel B. (D) Table showing the
chromatid-type fusions detected in metaphase spreads shown in panel B and scored in panel C. The total number of chromosome ends, the number
of chromatid ends fused, and the number of leading ends fused to leading ends are indicated. At least 2,000 chromosome ends were scored for
each cell line.
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ited amount of 53BP1, mediated by the MRN/ATM pathway,
may be sufficient to promote NHEJ but not to yield detectable
53BP1 foci. Since deficiency in H2AX or MDC1 moderates but
does not abrogate the ATM signaling pathway at dysfunctional
telomeres, sufficient phosphorylated 53BP1 might be present
for sustenance of NHEJ, albeit at a slower pace.

Our data also show that NHEJ can take place in the absence
of MRN/ATM. Specifically, the postreplicative fusions involv-
ing leading-strand ends do not require NBS1 or ATM. We
consider it possible, however, that the lack of ATM signaling in
this setting and the presumed lack of signaling by other phos-
phoinositide-3-kinase-related protein kinases diminish the fre-
quency of the leading-end fusions. Indeed, the leading-end
fusions are rare (involving a third of the leading-end telo-
meres), even in TRF2/NBS1- and TRF2/ATM-null cells. It
would be of interest to examine the effect of a dissociation of
function mutation in the MRN complex that abrogates the
proposed end-processing activity but retains the ability to ac-
tivate the ATM signaling pathway. Such mutants are not yet
available.

Contribution of MRN/ATM to telomere protection. Our
data now also shed light on the paradoxical presence of the
MRN complex at telomeres. Mre11 and Rad50 are at telo-
meres throughout the cell cycle, with Nbs1 joining the complex
at telomeres in S phase (57). Since MRN interacts with TRF2,
it appeared that its presence at telomeres is actively promoted
by shelterin. Given that MRN promotes two undesirable
events at chromosome ends, ATM signaling and NHEJ, the
question is why shelterin has evolved the ability to bring this
complex to telomeres.

In this study, we present evidence that the MRN/ATM path-
way can protect telomeres from NHEJ, specifically after DNA
replication. This protective feature was observed only at telo-
meres generated by leading-strand DNA synthesis, resulting in
leading-end fusions in TRF2/NBS1- or TRF2/ATM-deficient
cells. The inability of MRN and ATM to protect the telomeres
generated by leading-strand DNA synthesis is observed only
when TRF2 is absent, indicating that in the presence of TRF2,
MRN/ATM is not the only protective factor at the leading-
strand ends.

FIG. 6. Model for the dual role of MRN/ATM at functional and dysfunctional telomeres. (A) At functional telomeres, prior to replication,
TRF2-mediated t-loop formation or maintenance is proposed to block the loading of Ku70/80 and MRN onto telomeric DNA, thus protecting
chromosome ends from processing by NHEJ and from activating ATM signaling. (B) Model for repression of NHEJ at telomeres replicated by
leading-strand DNA synthesis. After replication, TRF2 is proposed to promote overhang generation by recruiting MRN and an unknown
nuclease(s), both of which have the ability to resect blunt telomeres generated by leading-strand DNA synthesis. The overhang may block NHEJ
through its interaction with POT1. In the absence of TRF2, MRN/ATM-dependent DSB processing of dysfunctional telomeres also generates
resected ends that can bind POT1 and are protected from NHEJ.
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To explain these observations, we propose a model for the
protection of telomeres generated by leading-strand synthesis
that focuses on the generation of the telomeric overhang as the
main mechanism by which NHEJ is repressed in G2 (Fig. 6B).
It is likely that the presence of a telomeric overhang can help
to protect telomeres from NHEJ by recruiting POT1 proteins,
which may simply block the Ku heterodimer from loading on
the DNA end. Indeed, in the absence of POT1a and POT1b,
mouse telomeres undergo infrequent but detectable fusions
after DNA replication (23). In that setting, both the lagging-
and the leading-strand ends are processed by NHEJ, often
resulting in sister fusions. Thus, immediately after DNA rep-
lication, perhaps before t-loops are reformed, it appears that
POT1 loading on the 3� overhang may inhibit telomere fusions
(Fig. 6B).

We propose that both TRF2 and MRN contribute to the 5�
end resection necessary for the overhang formations at the
ends formed by leading-strand DNA synthesis, which, unlike
the telomere formed by lagging-strand DNA synthesis, is not
expected to have an overhang immediately after DNA repli-
cation. TRF2 might promote resection through recruitment of
MRN and its associated presumed nuclease, CtIP (39, 45).
Perhaps the interaction between TRF2 and MRN is such that
it allows processing but blocks activation of the ATM kinase.
TRF2 is likely to have additional associated activities that can
fulfill this role since NBS1-deficient cells do not show leading-
end fusions as long as TRF2 is present. The second TRF2-
dependent (but MRN/ATM-independent) activity responsible
for resection will be of interest. It should be noted that DNA-
protein kinase activity has also been implicated in the protec-
tion of leading-strand ends from fusion (4). The target of the
DNA-protein kinase in this context is not yet known, but CtIP
may be a candidate.

When TRF2 is absent, MRN may still be able to fulfill the
same processing function, but now as a consequence of
activation of ATM at the deprotected chromosome end.
Thus, although ATM activation is detrimental and non-
physiological, this pathological setting reveals the protective
features of end processing by MRN that are not normally
seen, due to redundancy in the TRF2-mediated processing
of the leading-end telomeres. This highly speculative model
predicts that if the additional end-processing activities
brought in by TRF2 are known, the combination of their
absence with MRN deficiency will reveal a high incidence of
leading-end chromatid-type telomere fusions. We are cur-
rently testing this model.

TRF2�B�M allele revisited. Chromatid-type leading- to
leading-strand telomere fusions have been described as a
prominent outcome of telomere dysfunction, induced by the
overexpression of a dominant-negative allele of TRF2,
TRF2
B
M in human cells (2, 41, 47). The TRF2
B
M allele
lacks the Myb-type DNA binding domain (M) and the N-
terminal basic GAR region (B) and acts by binding to endog-
enous TRF2 and sequestering it away from chromosome ends.
However, since TRF2
B
M retains the interaction with the
MRN complex, overexpression of this dominant-negative al-
lele also prevents the association of MRN with chromosome
ends (57). Therefore, the chromatid-type fusions, incurred by
TRF2
B
M overexpression, are likely due to the combined

absence of both TRF2 and MRN from telomeres, similarly to
the situation described here for codeletion of TRF2 and NBS1.
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LEGENDS TO SUPPLEMENTARY FIGURES 

 

SUPPLEMENTARY FIGURE 1. H2AX is required for TIF formation and amplifies the ATM 

signaling pathway 

(A) Effects of H2AX deletion on NBS1, MDC1, and 53BP1 TIF formation in TRF2F/FH2AX+/- and 

TRF2F/FH2AX-/- MEFs, harvested 72 h after Cre treatment and processed for IF-FISH (NBS1, 

MDC1, or 53BP1 [green] co-stained with telomeric TTAGGG-specific FISH probe [red]; DAPI 

[blue]). Images were merged and enlarged. 

(B) Bar graph of the frequency of TIF positive cells. At least 150 cells processed as described in 

(A) were scored for 10 or more telomeric 53BP1 foci. 

(C) Immunoblots detecting H2AX, TRF2, and Chk2 phosphorylation in indicated MEFs, harvested 

untreated or 72 h after Cre infection. γ-tubulin was used as a loading control.  

 

SUPPLEMENTARY FIGURE 2. Lack of effect of deficiencies in H2AX or NBS1 on the 

proliferation of TRF2-deficient MEFs. 

(A) Growth curves of TRF2F/FH2AX+/- and TRF2F/FH2AX-/- MEFs, plated at 24 h after mock or Cre 

infection and counted at the indicated time-points in two independent experiments.  

(B) Growth curves of TRF2F/FNBS1F/+ and TRF2F/FNBS1F/- MEFs derived as in (A). 

 

SUPPLEMENTARY FIGURE 3. H2AX promotes NHEJ of dysfunctional telomeres 

(A) Metaphase spreads from TRF2F/FH2AX+/- and TRF2F/FH2AX-/- MEFs, harvested untreated or 

96 and 120 h after Cre infection. Telomeric signals were detected with FITC-OO-(CCCTAA)3 

oligonucleotide  [green] and DNA was stained with DAPI [red]. Enlarged panel shows a 

representative chromosome-type fusion. 

(B) Quantification of the frequency of chromosome ends engaged in chromosome- and chromatid-

type fusions, scored as described in Figure 2B, in metaphase spreads of cells described in (A).  

Bars represent the average of three independent experiments and error bars indicated s.d. At 

least 2000 chromosome ends were scored for each cell line and treatment.  

(C) Roscovitine induces sister telomere fusions in H2AX/TRF2-deficient cells. Quantification of the 

frequency of chromosome ends engaged in chromatid-type and sister telomere fusions, scored as 

described in Figure 2B, in metaphase spreads of TRF2F/FH2AX+/- and TRF2F/FH2AX-/- MEFs, 

harvested at 96 h after Cre treatment, in the presence or absence of 50 µM roscovitine for 4 h 

prior to harvesting. At least 3000 chromosome ends were scored for each cell line and treatment.  
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SUPPLEMENTARY FIGURE 4. Low frequency of post-replicative telomere NHEJ in TRF2-

deficient, NBS1-proficient cells 

Pre- and post-replicative chromosome-type fusions as well as post-replicative chromatid type 

fusions were analyzed by CO-FISH and the incidence of each fusion type was scored as 

percentage of fused ends per chromosome end. Of note, Type 2 cannot be distinguished from 

Type 1 but has an equal probability of occurring as Type 3 fusions and therefore is expected to 

occur with the same frequency as Type 3. Also, scoring Type 1 and 2 fusions may overestimate 

the number of G1 events as Type 4 fusions that undergo non-disjunction will appear as Type 1 

and 2 events in the following metaphase. 
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