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Tumor suppressor p53-binding protein 1 (53BP1) regulates the
repair of dysfunctional telomeres lacking the shelterin protein
TRF2 by promoting their mobility, their nonhomologous end-
joining (NHEJ), and, as we show here, by blocking 5′ resection by
CtIP. We report that these functions of 53BP1 required its N-termi-
nal ATM/ATR target sites and its association with H4K20diMe, but
not the BRCT domain, the GAR domain, or the binding of 53BP1 to
dynein. A mutant lacking the oligomerization domain (53BP1oligo)
was only modestly impaired in promoting NHEJ of dysfunctional
telomeres and showed no defect with regard to the repression
of CtIP. This 53BP1oligo allele was previously found to be unable
to support class switch recombination or to promote radial chro-
mosome formation in PARP1 inhibitor-treated Brca1-deficient cells.
The data therefore support two conclusions. First, the require-
ments for 53BP1 in mediating NHEJ at dysfunctional telomeres
and in class switch recombination are not identical. Second,
53BP1-dependent repression of CtIP at double-strand breaks
(DSBs) is unlikely to be sufficient for the generation of radial chro-
mosomes in PARP1 inhibitor-treated Brca1-deficient cells.

The DNA damage response factor 53BP1 is a key regulator of
the processing and repair of double-strand breaks (DSBs)

(reviewed in refs. 1–3). Accumulation of 53BP1 at sites of DNA
damage depends on phosphorylation of H2AX by the ATM
and/or ATR kinases, binding of MDC1 to phosphorylated H2AX
(γ-H2AX), and ubiquitylation of H2A and/or H2AX by MDC1-
dependent ubiquitin ligases. Despite its dependence on these
ATM/ATR-initiated events, 53BP1 does not bind H2AX, H2A,
MDC1, or their interacting factors. Instead, 53BP1 interacts with
histone H4 through an association of its tandem Tudor domain
with the dimethylated form of H4 lysine 20 (H4K20Me2) (4).
H4K20Me2 is a constitutive modification that has been pro-
posed to become more accessible near sites of DNA damage
due to ubiquitin-dependent removal of H4K20Me2 binding
proteins, thus explaining the dependence of 53BP1 accumula-
tion on γ-H2AX, MDC1, and ubiquitin ligases (5–7).
The role of 53BP1 in DNA repair surfaced in the context of Ig

class switch recombination (CSR) in which 53BP1 is essential for
nonhomologous end-joining (NHEJ) of activation-induced (cy-
tidine) deaminase-induced DSBs and has been implicated in the
synapsis of DNA ends separated by as much as 200 kb (8, 9).
53BP1 also promotes NHEJ during V(D)J recombination, in
particular when the recombining ends are far apart, suggesting
that 53BP1 can mediate the juxtaposition of distant DNA ends
and facilitate their joining (10). Similarly, 53BP1 promotes fusions
of dysfunctional telomeres generated through deletion of the
shelterin protein TRF2 (11). Such deprotected telomeres un-
dergo classical-NHEJ (c-NHEJ) in G1, forming trains of fused
chromosomes that can be visualized in the following metaphase
(12, 13). Live-cell imaging showed that, before their joining,
dysfunctional telomeres become more mobile and sample larger
territories (11), as was recently also shown for other DSBs (14–
16). Because this change in mobility depends on 53BP1, it was
proposed that 53BP1 stimulates the fusion of telomeres by im-
proving the chance of telomere–telomere encounters (11). How

53BP1 might promote the synapsis and/or mobility of DSBs has
not been established.
53BP1 also affects DNA repair through regulating DSB re-

section. During V(D)J recombination, the unrepaired coding ends
are degraded when 53BP1 is absent (10), and 53BP1 deficiency
results in frequent resection of DNA ends generated by I-SceI
(17, 18). End resection is also unleashed in the absence of 53BP1
at telomeres that are deprived of all shelterin components (19).
The 53BP1-controlled resection is dependent on ATM signaling
and involves the CtIP nuclease (17–19).
In cells lacking BRCA1 function, PARP1 inhibitors (PARPi)

induce lethal radial chromosomes that are thought to result from
mis-rejoined DSBs (20, 21). Deletion of 53BP1 prevents the for-
mation of these aberrant chromosomes and rescues the lethality
of Brca1 deficiency in the mouse (18, 22, 23). It has been pro-
posed that the effect of 53BP1 in this context is due to its pro-
pensity to block resection of DSBs thus preventing formation of
the 3′ extensions needed to initiate homologous recombination
and favoring NHEJ.
Using dysfunctional telomeres as an experimental setting, we

determined which domains of 53BP1 are involved in repressing
the CtIP-dependent 5′ end resection taking place in S/G2 and the
induction of chromatin mobility and NHEJ in G1. This analysis
revealed that oligomerization of 53BP1, although crucial for CSR,
plays a lesser role in the joining of telomeres, indicating mech-
anistic differences between these two 53BP1-dependent NHEJ
pathways. Furthermore, we find that oligomerization of 53BP1 is
not required for the repression of CtIP-mediated 5′ end resection
at telomeres. Because the oligomerization mutant was previously
shown to be defective in radial chromosome formation in PARPi-
treated Brca1 null cells (24), we infer that it is unlikely that CtIP
inhibition is the sole determinant of this attribute of 53BP1.

Results
53BP1 Blocks ATM- and CtIP-Dependent Resection at Deprotected
Telomeres. To test whether 53BP1 controls aberrant end-resection
at telomeres lacking TRF2, we used a retroviral hit-and-run (H&R)
Cre recombinase to delete TRF2 from SV40 large T antigen
(SV40LT) immortalized TRF2F/-53BP1+/+ and TRF2F/-53BP1−/−
mouse embryo fibroblasts (MEFs). As expected, TRF2 deletion
elicited a DNA damage response in both 53BP1-proficient
and -deficient MEFs, as evidenced by the phosphorylation of Chk2
(Fig. 1A). End resection was analyzed based on quantification of
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the single-stranded (ss) telomeric TTAGGG signal by in-gel hy-
bridization to native DNA and normalization to the total telomeric
signals obtained after DNA denaturation (Fig. 1 B and C). In the
absence of 53BP1, TRF2 deletion results in a twofold increase in
the normalized overhang signal. The ssTTAGGG repeat signal
was derived from 3′ terminal sequences because it was sensitive
to the Escherichia coli 3′ exonuclease ExoI (Fig. 1B). Parallel
experiments with NHEJ-deficient Ku70−/− and Lig4−/− cells
only showed a slight (<20%) increase in the telomeric over-
hang signal after TRF2 deletion (Fig. S1 A and B), indicating

that the increased telomeric overhang signal in the 53BP1-null
cells was not merely due to the diminished telomere fusions. Thus,
53BP1 protects telomeres lacking TRF2 from aberrant 5′ end
resection. However, the extent of resection is less than that
observed in the absence of the whole shelterin complex (19),
indicating that, in addition to TRF2, other shelterin proteins
protect telomeres from nucleolytic attack.
We next asked whether the increased overhang signal was due

to ATM/CtIP-mediated resection. Inhibition of ATM signaling
prevented the overhang signal increase in response to deletion of
TRF2 from 53BP1−/− cells (Fig. 1 B and C), in parallel with its
expected effect on Chk2 phosphorylation and telomere fusions
(Fig. 1 A–C and Fig. S1 A–C). The ssTTAGGG repeat signal was
also significantly attenuated by a CtIP shRNA (Fig. 1 D–F).
Consistent with ATM and CtIP acting in the same pathway,
ATM inhibition did not further affect the overhang signal in
CtIPsh-treated cells (Fig. 1 D–F). These data establish that ATM
stimulates CtIP-dependent 5′ resection at dysfunctional telo-
meres, as it does at other sites of DNA damage (25–28), and that
this resection is inhibited by 53BP1.

53BP1 Prevents Resection of Deprotected Leading-End Telomeres.
Two lines of evidence indicated that the ATM- and CtIP-de-
pendent resection at dysfunctional telomeres in cells lacking
53BP1 preferentially affected the telomeres generated by lead-
ing-end DNA synthesis. First, chromosome orientation FISH
(CO-FISH) showed that inhibition of ATM and/or CtIP induced
frequent leading-end telomere fusions when TRF2 is deleted
from 53BP1−/− cells (Fig. 2 A and B), whereas chromosome-type
fusions were unaffected by ATM inhibition (Fig. 2B and Fig. S1
A–C). These leading-end telomere fusions were dependent on
Ku70 and Lig4 (Fig. S1C), indicating that they are generated by
c-NHEJ. Interestingly, these S/G2 c-NHEJ events do not require
53BP1, whereas those taking place in G1 are strongly diminished
by the absence of 53BP1 (11).
A role for 53BP1 in blocking resection at leading-end telo-

meres also emerged from the analysis of separated leading- and
lagging-end telomeres. Telomeres synthesized by leading- and
lagging-strand DNA synthesis can be separated on CsCl density
gradients based on their differential incorporation of BrdU (refs.
29 and 30; Fig. S2 A and B), and the ssTTAGGG repeat signal in
fractions containing the newly synthesized leading- or lagging-
end telomeres can then be evaluated by quantitative in-gel
hybridization. TRF2 deletion in the absence of 53BP1 causes a
threefold increase of the overhang of the leading-end telomeres,
whereas the lagging-end telomeres were not affected (Fig. 2 C
and D). The increase in the leading-end overhang signal was
abolished upon inhibition of ATM (Fig. 2 C and D). Thus, dys-
functional telomeres that are replicated by leading-strand DNA
synthesis are threatened by ATM-dependent 5′ resection, and
this resection is inhibited by 53BP1.
Paradoxically, the ATM-dependent resection of the leading-

end telomeres can be protective at telomeres in that it inhibits
NHEJ, which is a major threat to chromosome ends (schematic
in Fig. S3). We note that not all leading-end telomeres undergo
fusion when CtIP fails to resect them. Whether these telomeres
can be processed through a different pathway or persist without
any 3′ overhang—and if the latter, how such blunt-ended telo-
meres might escape fusion—is not yet clear.
Based on our prior analysis of telomere fusions in TRF2/ATM

double-knockout cells, we had previously speculated that the
activation of ATM at TRF2-depleted telomeres might result in
generation of a 3′ telomeric overhang, which can protect the
telomeres from NHEJ (ref. 31 and Fig. S3 Top). Consistent with
the data presented here, the protective effect of ATM-dependent
resection appeared to be specific to leading-end telomeres be-
cause TRF2−/−ATM−/− cells showed leading-end telomere fusions
(31). We attribute the leading-end specific effects of ATM, CtIP,

Fig. 1. 53BP1 protects dysfunctional telomeres from ATM/CtIP-dependent
resection. (A) TRF2 and P-Chk2 immunoblots in TRF2F/-53BP1+/+(ATM+/−) and
TRF2F/-53BP1−/− MEFs treated with KU55933 (ATMi) and H&R-Cre (72-h time
point). (B) Telomeric overhang assay on the cells in A at 96 h after Cre. E. coli
exonuclease ExoI was used to test for 3′ terminal ssDNA. (Upper) In-gel hy-
bridization with 32P-(AACCCT)4 to native MboI/AluI-digested genomic DNA.
(Lower) DNA was denatured in situ, and the gel was rehybridized with
the same probe to determine the total telomeric signal. The ssTTAGGG
signal was normalized to the total telomeric DNA in the same lane. (C )
Quantification of normalized ssTTAGGG signals. Values represent means
of three independent experiments with SDs. The normalized value was
set at 100 for TRF2F/-53BP1+ /+ cells not treated with Cre, and the other
values are given relative to this value. (D) Immunoblots for CtIP, TRF2,
and P-Chk2 in TRF2F/-53BP1−/− MEFs after treatment with CtIPsh, ATMi, and
Cre (72 h) as indicated. (E ) Representative telomeric overhang assays on
TRF2F/-53BP1− /− MEFs treated as in D and assayed as in B. (F ) Quantifi-
cation of relative ss telomeric signal in TRF2F/-53BP1−/− MEFs. Values are
means of three independent experiments with SDs. **P < 0.05 (unpaired
Student t test).
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and 53BP1 to the fact that leading-strand DNA synthesis is ex-
pected to generate a (nearly) blunt end that is vulnerable to
NHEJ, whereas lagging-strand DNA synthesis would be expec-
ted to generate a product with a 3′ overhang. The presence of a
short 3′ overhang may allow the POT1 proteins in shelterin to
bind, thereby preventing NHEJ at the lagging-end telomeres
(Fig. S3).

Functional Dissection of 53BP1. The data shown above establish
telomeres deprived of TRF2 as an appropriate system to eval-
uate the role of 53BP1 in c-NHEJ, the associated increase in
telomere mobility, as well as in the repression of CtIP-mediated
end resection. We therefore used this system to test a panel of
deletion and substitution mutants of 53BP1 (24) (Fig. 3 and Fig.
S4 A and B). Mutation of all 28 N-terminal S/TQ sites that are
potential targets for phosphatidylinositol 3-kinase-related ki-
nase-mediated phosphorylation to AQ gave rise to an allele
(53BP128A) that is deficient for CSR and fails to restore radial
chromosome formation in Brca1/53BP1 double-mutant cells (24).
In contrast, no strong CSR defects or other phenotypes were
associated with three arginine-to-lysine substitutions in the GAR
domain (referred to here as 53BP1GAR) (24). Deletion of amino

acids 1,231–1,270, representing the oligomerization domain (re-
ferred to here as 53BP1oligo), resulted in a profound CSR defect
and a strongly diminished ability to rescue radial fusions in Brca1/
53BP1 mutant B cells (24). We mutated the LC8 binding domain
of 53BP1 and showed the resulting mutant (1,171 TQTI>AATI)
to be defective in interacting with dynein (Fig. S4C). Finally,
the 53BP1DR mutant with a D1521R mutation in the tandem
Tudor domain, which abrogates the association of 53BP1 with
chromatin, did not support CSR and also failed to restore radial
structure formation in 53BP1/Brca1 mutant B cells (24). Each of
the mutations was created in the context of a human 53BP1 al-
lele lacking the C-terminal BRCT motif. This truncated version
of 53BP1 (53BP1DB) is indistinguishable from the wild-type
protein in the context of CSR (24) and functions well at dys-
functional telomeres (Fig. S4 D–F) but is deficient for the repair
of DSBs in heterochromatin (32, 33).
The mutant forms of 53BP1 were expressed at similar levels

and did not affect the activation of Chk2 after TRF2 deletion from
TRF2F/-53BP1−/− cells (Fig. S4B). With the exception 53BP1DR

(see below), each of the 53BP1 alleles showed the anticipated
diffuse nuclear localization in cells with functional telomeres
(Fig. 4 Upper) and was readily detectable in the DNA damage
foci formed at dysfunctional telomeres [referred to as telomere
dysfunction induced foci (TIFs)] (ref. 34; Fig. 4 Lower). Quan-
tification of 53BP1-containing TIFs indicated that the oligo-
merization mutant was slightly impaired with regard to its accu-
mulation at deprotected telomeres (Fig. 4 and Fig. S5A). The
TIFs formed by 53BP1oligo were slightly reduced in frequency,
and the 53BP1 IF signal intensity in the foci appeared lower.
Previous work with a different 53BP1 oligomerization mutant
(D1256A) showed a dramatic reduction (∼10-fold) in its locali-
zation to dysfunctional telomeres and a commensurate reduction
in its function (35). Given that the complete deletion of the
oligomerization domain in 53BP1oligo does not have a strong
effect on the localization to sites of DNA damage (Fig. 4) or
chromatin (24), we suggest that the D1256A mutation may have
affected additional aspects of 53BP1 (35).

Fig. 2. 53BP1 affects resection of leading-end telomeres. (A) CO-FISH to
detect leading- and lagging-end telomeres in metaphases of TRF2F/-53BP1−/−

MEFs with the indicated treatments at 96 h after Cre. Red, leading-end
telomeres; green, lagging-end telomeres; arrows, leading-end telomere
fusions. (B) Quantification of chromosome- and chromatid-type leading-
end telomere fusions from metaphase analysis as shown in A. Values rep-
resent means of two experiments (>1,000 chromosomes per experiment)
and SEMs. (C) Overhang assay of leading- and lagging-end telomeres of
TRF2F/-53BP1−/− MEFs 96 h after TRF2 deletion in the absence or presence of
ATMi as in Fig. 1A. Leading- and lagging-end telomeres were separated on
CsCl gradients (Fig. S2B). (D) Quantification of relative overhang signals
detected in C. Values represent means for three independent experiments
and SDs. **P < 0.05 (unpaired Student t test).

Fig. 3. Summary of the phenotypes of 53BP1 mutants in CSR and at dys-
functional telomeres. 53BP1 mutants and their role in CSR were analyzed as
the percentage of IgG1 switched cells obtained after stimulation of B cells
(24). At dysfunctional telomeres, 53BP1 mutants were analyzed for TIF for-
mation as shown in Fig. 4 (Loc), promotion of telomere fusion (NHEJ; Fig. 5),
inhibition of hyperresection (blocking resection; Fig. 5), and promotion of
telomere mobility (mobility; Fig. 5). For each column, the ability of the dif-
ferent mutants to perform the indicated specific function was compared
with 53BP1DB: ++, fully functional; +, partially impaired; ±, strongly im-
paired; −, completely defective; nd, not determined.
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As expected, the 53BP1DR mutation in the tandem Tudor
domain had the strongest effect on TIF formation by 53BP1,
with only 26% of the cells showing detectable TIFs after TRF2
deletion and the few TIFs that formed showing very faint IF
signals (Fig. 4 and Fig. S5B). Another 20% of the 53BP1DR

expressing cells showed very strong and diffuse signals at one or
both poles of the nuclei in cells that appeared to be undergoing
division, but this pattern was independent of TRF2 deletion (Fig.
4 Upper).
Our findings on the diminished localization of 53BP1DR at

dysfunctional telomeres are in agreement with our published
data (11). However, another study on the localization of 53BP1DR

reported that the Tudor domain mutation completely abrogated,
rather than diminished, the ability of 53BP1 to associate with
telomeres lacking TRF2 (35). We suggest that the discrepancy
between this current study and the prior one may be due to
differing detection levels of 53BP1, presumably due to differ-
ences in imaging protocols.

BRCT, LC8, and GAR Mutations Have Minimal Effects.Deletion of the
BRCT domain, mutation of the LC8 binding site, or mutation of
the GAR motif did not strongly affect the processing of dys-
functional telomeres. Analysis of metaphase chromosomes showed
a slight reduction (∼20%) in the rate of telomere fusions for the
LC8 and GAR mutations, whereas absence of 53BP1 diminished
the fusions by >90% (Fig. 5A and Fig. S6A). The telomere fusions
promoted by the mutant alleles of 53BP1 were also readily de-
tectable as larger telomeric restriction fragments in pulsed-field
gel electrophoresis (PFGE) gels (Fig. 5B). In addition, a prior
study showed that 53BP1 alleles with mutations in the GAR or
BRCT domains were proficient for the fusion of dysfunctional
telomeres (35).
Because the telomere fusions in cells expressing 53BP1LC8,

53BP1DB, or 53BP1GAR masked effects on end resection (Fig. 5B
and Fig. S6B), we introduced these alleles as well as 53BP1DB

into TRF2F/F53BP1−/−Lig4−/− MEFs, in which telomeric fusions
do not take place due to the absence of DNA ligase IV (12). In
this setting, 53BP1LC8, 53BP1GAR, and 53BP1DB behaved similarly
and prevented the increase in the ss telomeric DNA signal that is
normally observed when TRF2 is deleted from 53BP1-deficient

cells (Fig. 5 C and D). Therefore, we conclude that the BRCT do-
main, LC8 dynein binding domain, and the GAR motif are not re-
quired to protect the dysfunctional telomeres from 5′ end resection.

Requirement for the Tandem Tudor Domain and N-Terminal S/TQ
Sites. Different results were obtained with 53PB128A and
53BP1DR. Cells expressing these alleles showed a nearly fivefold
reduction in telomere fusions after TRF2 deletion (Fig. 5A and
Fig. S6A), and their genomic DNA showed scant evidence for
joined telomeres when examined by PFGE (Fig. 5B). This re-
sult is consistent with our previous analysis of a different Tudor
domain mutant made in the context of full-length 53BP1, which
showed strongly diminished, but not absent, NHEJ of dysfunctional
telomeres (11). Our finding of residual NHEJ of dysfunctional
telomeres in cells expressing 53PB128A or 53BP1DR departs from
findings by others who found no residual NHEJ of dysfunctional
telomeres in cells expressing either a Tudor mutant of 53BP1 or
an allele of 53BP1 mutated for 15 N-terminal ST/Q sites (35).
Neither 53BP1DR nor 53BP128A were capable of protecting

telomeres from 5′ end resection. When telomere fusions were
prevented in TRF2F/F53BP1−/−Lig4−/− MEFs, these alleles did
not block the increase in the overhang signal after TRF2 deletion
(Fig. 5 C and D).
We then tested the ability of these mutants to increase the

mobility of the telomeric chromatin, which was previously shown
to be associated with efficient telomere fusion (11). To this end,
the dysfunctional telomeres were identified in living cells based
on their decoration with an mCherry fusion protein containing
the tandem Tudor domain of 53BP1, which localizes to sites of
DNA damage (11). Time-lapse microscopy was performed at
72 h after introduction of Cre, and individual mCherry foci were
tracked so that the cumulative distance traveled in 10 min could
be calculated for each dysfunctional telomere in the cell. The
results indicated that, although dysfunctional telomeres in cells
expressing 53BP1DB showed the expected increase in mobility
compared with 53BP1-deficient controls, neither 53BP1DR nor
53BP128A were capable of promoting the mobility of dysfunc-
tional telomeres (Fig. 5 E and G).

Fig. 4. Accumulation of 53BP1 alleles at dysfunctional telomeres. Shown is TIF assay on TRF2F/-53BP1−/− MEFs expressing the indicated 53BP1 alleles before
(Upper) and 72 h after (Lower) Cre. 53BP1 mutants detected with an antibody to 53BP1 amino acids 350–400 (present in all alleles) (red) and telomeres
detected with FITC-[CCCTAA]3 (green) are shown. DNA was stained with DAPI. Numbers in the DR images indicate percent of cells with the localization
pattern shown. Numbers below the images indicate quantified TIF response for each allele scored based on localization of 53BP1 at five or more telomeres
per cell [means of five independent experiments (>50 cells per experiment) and SDs]. *P < 0.05 (paired Student t test).
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Oligomerization of 53BP1 Mildly Affects Telomeric NHEJ but Not End
Resection. The 53BP1oligo mutant also did not behave as a wild-
type allele, but its defects in the setting of dysfunctional telo-
meres were subtle. The frequency of telomere fusions in cells
expressing the 53BP1oligo mutant was reduced by 30–40% com-
pared with the control, and this reduction was mostly due to the
absence of cells with the longest multichromosome fusion prod-
ucts (Fig. 5 A and B and Fig. S6 A and C).
Interestingly, although 53BP1oligo was partially defective in

promoting NHEJ at dysfunctional telomeres, the allele appeared

fully functional with regard to blocking 5′ end resection. This
attribute was most obvious in the context of Lig4-deficient cells
from which TRF2 was deleted (Fig. 5 C and D). The change in
the 3′ telomeric overhang observed after TRF2 loss was minimal
in cells expressing 53BP1oligo similar to that observed for cells
expressing 53BP1DB, 53BP1LC8, or 53BP1GAR.
Given that 53BP1oligo was proficient in repressing CtIP yet

had a modest NHEJ defect, we tested its ability to promote the
increased mobility of dysfunctional telomeres. Interestingly, the
mutant resulted in an increase in telomere mobility that was very
close to that for 53BP1DB (Fig. 5 F and G). Thus, the diminished
NHEJ of the dysfunctional telomeres observed with the 53BP1oligo
mutant is unlikely to be due to a deficiency in telomere mobility.

Discussion
Dysfunctional telomeres proved a versatile system for the rapid
dissection of the function of 53BP1 in the context of its ability to
promote NHEJ and protect DNA ends from resection by CtIP.
These two functions do not require the GAR, LC8, or BRCT
domains, although it is possible that redundancies exist that hide
contributions of these parts of 53BP1. The tandem Tudor do-
main of 53BP1 is paramount for its localization to dysfunctional
telomeres (11), but even without the full engagement of this
domain, 53BP1 has some ability to promote NHEJ of dysfunc-
tional telomeres. This result suggests that once 53BP1 has arrived
at a site of damage, perhaps through a secondary interaction, it
can promote telomere fusions in a manner that is largely in-
dependent of the tandem Tudor domain. Despite the normal
accumulation of 53BP128A at dysfunctional telomeres, this allele
is functionally inactive with regard to promoting telomere mo-
bility, NHEJ, and blocking the ATM-dependent resection of
leading-end telomeres by CtIP (Fig. 3). The phenotypes observed
in the 53BP128A mutant strongly suggest that ATM-dependent
phosphorylation of 53BP1, although not required for its locali-
zation, is essential for its function, likely serving as recognition
sites for other factors involved in blocking resection and pro-
moting mobility. The behavior of this set of mutants closely cor-
relates with their activity in the context of CSR where the tandem
Tudor domain and the N-terminal ST/Q sites are required, whereas
the GAR and BRCT domains are not.
The most informative mutant analyzed in this study is the al-

lele lacking the oligomerization domain, 53BP1oligo. This mutant
shows a moderate defect for the fusion of dysfunctional telo-
meres. Because the residual activity of 53BP1oligo in the NHEJ of
dysfunctional telomeres is substantial, it highlights a contrast
with its performance in the context of CSR in which this mutant
behaves as a null allele (24). The simplest interpretation of this
difference is that the activities that mediate CSR and joining of
dysfunctional telomeres are only partially overlapping. Specifi-
cally, as proposed previously, CSR may require a synapsis of
DSBs that is mediated by oligomerization of 53BP1, whereas the
NHEJ of dysfunctional telomeres may be more reliant of an
increase in their mobility, which is less influenced by the oligo-
merization state of 53BP1. However, because CSR is analyzed in
B cells, whereas telomere fusions are best studied in fibroblasts,
it is also possible that the distinct outcomes with 53BP1oligo are
due to unforeseen cell-type-specific aspects of 53BP1.
The ability of 53BP1oligo to repress CtIP at dysfunctional

telomeres appears equivalent to wild-type 53BP1. This obser-
vation, which we assume extends to other sites of DNA damage,
may be informative with regard to the role of 53BP1 in the
Brca1-deficient cells. When Brca1/53BP1-null cells are com-
plemented with 53BP1oligo instead of wild-type 53BP1, PARPi
treatment does not induce radial chromosomes (24). If its action
at dysfunctional telomeres indeed reflects the behavior of 53BP1
at other sites of DNA damage, our results would suggest that
inhibition of CtIP is not sufficient for radial chromosome for-
mation in Brca1-deficient cells. Rather, the formation of radial

Fig. 5. 53BP1 domains required for NHEJ, blocking resection, and pro-
moting mobility. (A) Quantification of chromosome-type telomere fusions in
TRF2F/-53BP1−/− MEFs with the indicated 53BP1 alleles 96 h after Cre. Means
of five independent experiments (n > 1,000 chromosomes per experiment)
and SDs are shown. **P < 0.05 (paired Student t test). (B) PFGE analysis of
telomeric DNA of TRF2F/-53BP1−/− MEFs expressing the indicated 53BP1
alleles at 96 h after Cre. Quantification of the telomeric overhangs is shown
in Fig. S6B. (C) Telomeric overhang assay on TRF2F/F53BP1−/−Lig4−/− MEFs
with the indicated 53BP1 alleles. (D) Quantification of the telomeric over-
hang based on assays as shown in C. Values represent means of five in-
dependent experiments and SDs. The normalized value was set at 100 for
TRF2F/F53BP1−/−Lig4−/− cells expressing 53BP1DB without Cre and all other
values are given relative to this value. **P < 0.05 (paired Student t test).
(E and F) Distribution of the cumulative distances traveled by all mCherry-
BP1-2 foci per cell (average 40 foci cell; >10 cells per allele) in TRF2F/-53BP1−/−

cells infected with the indicated 53BP1 alleles in one representative experi-
ment. ****P < 0.05 (two-tailed Mann-Whitney test). The difference in the
distances traveled in the presence of 53BP1DB allele in E and F is not sig-
nificant. (G) Summary of data obtained with experiments shown as in E and
F. Median distances traveled and SDs are given. The difference in distance
traveled in cells expressing the DB and oligo alleles of 53BP1 is not statisti-
cally significant.
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chromosomes may be due to a combination of other NHEJ-
promoting aspects of 53BP1 in addition to its ability to repress
CtIP and other nucleases.

Materials and Methods
Cell Lines, Plasmids, and shRNA. TRF2F/-ATM+/−, TRF2 F/-ATM−/−, TRF2F/-Lig4−/−,
TRF2F/-Ku70−/−, TRF2F/-53BP1−/−, and TRF2F/F MEFs have been described (11,
12). The TRF2F/F53BP1−/−Lig4−/− MEFs were isolated from embryonic day (E)
12.5 embryos from TRF2F/F53BP1+/−Lig4+/− intercrosses, immortalized with pBa-
beSV40LargeT (a gift from G. Hannon, Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY) at passage P2, and cultured as described (11, 12). MEFs were
infected two or three times at 12-h intervals with pMMP H&R Cre retrovirus as
described (12) with experimental time point 0 set at 12 h after the first infection.
ATM was inhibited with 2.5 μM KU55933 (TOCRIS Bioscience). Retroviruses car-
rying CtIP shRNA and 53BP1mutant alleles (18, 24) were introduced intoMEFs by
using six infections at 6- or 12-h intervals, followed by 3–5 d of selection in 2–3
μM puromycin before Cre infections.

Immunoblotting, IF, and IF-FISH. Immunoblotting was performed as described
(12) with the following primary antibodies: TRF2 (1254, rabbit polyclonal);
Chk2 (mouse monoclonal; BD Biosciences); CtIP (rabbit polyclonal; Santa
Cruz H-300); 53BP1(100-304A, rabbit polyclonal; Novus Biologicals); myc
(9B11, mouse monoclonal; Cell Signaling); flag (F1804-M2, mouse mono-
clonal; Sigma). For IF-FISH, cells on coverslips were fixed for 10 min in 3%
(wt/vol) paraformaldehyde and 2% (wt/vol) sucrose at room temperature
and IF-FISH was carried out as described (12), using primary 53BP1 antibody
(see above) and FITC-OO-[CCCTAA]3 PNA telomere probe (Applied Bio-
systems). DNA was counterstained with DAPI, and slides were mounted with
ProLong Gold antifade (Sigma).

FISH, CO-FISH, Overhang Assay. FISH and CO-FISHwere performed as described
(12) by using Tamra-OO-[TTAGGG]3 and FITC-OO-[CCCTAA]3 PNA probes.
MEFs were harvested at 96 h after Cre following 2 h in 0.2 μg/mL colcemid
(Sigma). For CO-FISH, cells were grown in 10 μM BrdU:BrdC (3:1) for 13–14 h
before colcemid was added. Telomeric overhangs and telomeric restriction
fragment patterns were analyzed 96 h after Cre by in-gel hybridization with
a γ-[32P]ATP end-labeled [AACCCT]4 probe as described (12). ImageQuant
software was used to quantify the single-stranded telomere overhang sig-
nals and the signal from total telomeric DNA in the denatured gel.

Live-Cell Imaging. Dysfunctional telomeres were visualized based on their
association with mCherry-BP1-2 (11). TRF2F/-53BP1−/− MEFs with 53BP1 mu-
tant alleles were plated 24 h after Cre treatment onto MatTek glass-bottom
plates and imaged for 10 min at 66–72 h after Cre. The tracking analysis of
mCherry-BP1-2 foci was performed with ImageJ software for at least 10 cells
for each genotype with the following parameters for particle detection and
tracking: radius = 1–2 pixels; cutoff = 1–2 pixels; percentile = 1–6; link range = 1;
displacement = 5 pixels. Only mCherry-BP1-2 foci continuously tracked for at
least 18 out of 20 frames were considered.
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Fig. S1. Related to Figs. 1 and 2, showing minimal telomere resection in absence of Ku70 and Lig4. (A) Immunoblots for TRF2 and P-Chk2 in TRF2F/-ATM−/−,
TRF2F/-Ku70−/−, and TRF2F/-Lig4−/− MEFs with and without ATMi treatment at 72 h after TRF2 deletion with H&R Cre. (B) Overhang assay of TRF2F/-ATM−/−,
TRF2F/-Ku70−/−, and TRF2F/-Lig4−/− MEFs in the indicated conditions as in A at 96 h after Cre. See legend to Fig. 1 for details. For each condition, the normalized
overhang value was set at 100 for cells not treated with Cre, and the post-Cre values are given relative to this value. (C) Quantification of chromosome-type
telomere fusions and chromatid-type leading-end telomere fusions from metaphases derived from TRF2F/-ATM+/−, TRF2F/-ATM−/−, TRF2F/-Ku70−/−, and
TRF2F/-Lig4−/− MEFs at 96 h after Cre in the absence or presence of ATMi as in Fig. 2B.
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Fig. S2. Related to Fig. 2, showing separation of leading- and lagging-end telomeres. (A) Schematic from Wu et al. (1) details how leading- and lagging-end
telomeres are separated. DNA from TRF2F/-53BP1−/− MEFs was labeled with 100 mM BrdU for 15 h, digested, and fractionated by CsCl density gradient
equilibrium centrifugation to separate leading- and lagging-end telomeres. (B) Telomeric signal in slot-blotted gradient fractions (plotted in arbitrary units)
and CsCl densities calculated from refractive index of TRF2F/-53BP1−/− MEFs at 96 h after Cre or without Cre, in the presence or absence of ATMi. Fractions
pooled for overhang analysis of Fig. 2 C and D are indicated.

1. Wu P, Takai H, de Lange T (2012) Telomeric 3′ overhangs derive from resection by Exo1 and Apollo and fill-in by POT1b-associated CST. Cell 150(1):39–52.
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Fig. S3. Related to Figs. 1 and 2, showing speculative view of the processing of leading-end telomeres in different genetic settings. In wild-type cells, TRF2
recruits Apollo at the leading-end telomere to initiate overhang generation. In the absence of TRF2, the ATM kinase is activated at the blunt leading-end
telomere, potentially leading to moderate resection by CtIP and inhibition of NHEJ but also loading 53BP1, which will inhibit this resection and promote low
levels of NHEJ. However, in absence of TRF2, most telomeres undergo fusion in G1 masking potential events in S/G2. When TRF2 is deleted in absence of ATM
(third line), there are no telomere fusions in G1, the leading-end telomeres are not resected, and NHEJ occurs at leading-end telomeres in S/G2. In the absence
of both TRF2 and 53BP1 (required for the G1 fusions), the leading-end telomeres are subjected to ATM- and CtIP-dependent hyper-resection, because CtIP is no
longer inhibited by 53BP1. This hyperresection inhibits NHEJ in S/G2, presumably because of loading of the POT1 proteins on the ssDNA or because the long
single-stranded overhangs themselves impede the loading of Ku70/80. In this setting, inhibition of either ATM or CtIP, will prevent the resection and thus again
lead to frequent leading-end telomere fusions in S/G2.
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Fig. S4. Related to Fig. 3. Expression and characterization of 53BP1 mutants. (A) Schematic of 53BP1 domains and the mutations used in this study. (B)
Immunoblots for 53BP1, TRF2, and P-Chk2 in TRF2F/-53BP1−/− MEFs expressing the indicated 53BP1 alleles at 72 h after TRF2 deletion with H&R Cre. (C)
Coimmunoprecipitation (co-IP) of dynein light chain (LC8) and 53BP1 mutants performed with myc antibody on 293T cells transiently cotransfected with myc-
tagged dynein LC8 light chain or TRF2 (as a negative control) and FLAG-tagged 53BP1DB or 53BP1LC8. Input (Left) and IP (Right) were analyzed by immuno-
blotting for myc (first and second rows from top), FLAG (third row from top), and 53BP1 (bottom row). Co-IP was performed in lysis buffer containing 50 mM
Tris·HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.56 mM β-mercaptoethanol, 0.5% Nonidet P-40, 1 mM PMSF, complete protease inhibitor mix (Roche), and
PhosSTOP phosphatase inhibitor mix (Roche) buffer. Beads were washed four times in PBS, and immunoprecipitated protein was eluted with 40 μL of 2×
Laemmli buffer. Note that the residual interaction of myc-LC8 with 53BP1LC8 is likely due to oligomerization of 53BP1LC8 with the endogenous 53BP1. (D)
Immunoblots for the endogenous 53BP1, 53BP1DB, and TRF2 in TRF2F/F, and TRF2F/-53BP1−/− MEFs transfected with the empty vector or with the 53BP1DB allele
72 h after Cre. (E) Quantification of colocalization of 53BP1 TIFs after TRF2 deletion in the indicated MEFs as in A. (F) Quantification of telomere fusions at 96 h
after Cre expression in the same conditions as D and E.
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Fig. S5. Related to Fig. 4, showing effects of Oligo and Tudor mutations on TIF formation. (A and B) Representative distribution of TIFs per cell in
TRF2F/-53BP1−/− MEFs expressing the indicated 53BP1 alleles 72 h after Cre as assayed and scored in Fig. 4.

Fig. S6. Related to Fig. 5, showing 53BP1 domains required for NHEJ. (A) FISH analysis of telomere fusions in TRF2F/-53BP1−/− MEFs expressing the indicated
53BP1 alleles at 96 h after TRF2 deletion, as quantified in Fig. 5A. Telomeres were detected by using a FITC-(CCCTAA)3 probe (green) and DNA was stained with
DAPI. (B) Quantification of telomere overhang assays as shown in Fig. 5B. Values represent means of four or more independent experiments and SDs. The
normalized value was set at 100 for TRF2F/-53BP1−/− MEFs expressing the 53BP1DB mutant not treated with Cre and all of the other values are given relative to
this value. **P < 0.05 based on paired Student t test. (C) Representative single-cell distribution of chromosome fusions in TRF2F/-53BP1−/− MEFs expressing
53BP1DB or 53BP1oligo mutant alleles as shown in A.
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Supplementary Table 1 – Frequency of CFS 2q14 (Fig. 3b), N-FRA, FRA3B, FRA7H and 
FRA16D expression (Fig. 3i) after shTRF1 treatment.   
 

CFS2q14 #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (502) 0.2 (504) 0.0 (360) 0.1 0.1 
pLKo.1 + Aphi 2.6 (274) 2.2 (418) 2.7 (336) 2.5 0.3 
shTRF1-1 2.5 (606) 2.4 (678) 2.3 (814) 2.4 0.1 
shTRF1-1 + Aphi 4.6 (282) 2.9 (490) 3.5 (228) 3.7 0.9 
shTRF1-2 2.1 (568) 3.3 (522) 3.3 (646) 2.9 0.7 
shTRF1-2 + Aphi 4.5 (245) 5.2 (192) 4.6 (194) 4.8 0.4 

NFRA #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (282) 0.0 (264) 0.0 (278) 0.0 0.0 
pLKo.1 + Aphi 0.0 (368) 0.0 (370) 0.0 (320) 0.0 0.0 
shTRF1-1 0.0 (320) 0.0 (366) 0.0 (336) 0.0 0.0 
shTRF1-1 + Aphi 0.0 (396) 0.0 (322) 0.0 (280) 0.0 0.0 
shTRF1-2 0.0 (282) 0.0 (338) 0.0 (328) 0.0 0.0 
shTRF1-2 + Aphi 0.0 (312) 0.0 (314) 0.0 (328) 0.0 0.0 

FRA3B #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (226) 0.0 (364) 0.0 (242) 0.0 0.0 
pLKo.1 + Aphi 9.8 (264) 7.5 (348) 7.5 (320) 8.3 1.3 
shTRF1-1 1.4 (216) 0.0 (354) 0.0 (384) 0.5 0.8 
shTRF1-1 + Aphi 9.7 (272) 9.6 (238) 5.5 (274) 8.3 2.4 
shTRF1-2 0.5 (368) 0.3 (350) 0.0 (266) 0.3 0.3 
shTRF1-2 + Aphi 9.1 (230) 7.9 (242) 5.1 (234) 7.4 2.1 

FRA7H #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (284) 0.0 (392) 0 (250) 0.0 0.0 
pLKo.1 + Aphi 5.4 (336) 4.5 (380) 3.3 (360) 4.4 1.1 
shTRF1-1 0.0 (290) 0.0 (360) 0.0 (380) 0.0 0.0 
shTRF1-1 + Aphi 5.5 (328) 3.7 (376) 2.3 (264) 3.8 1.6 
shTRF1-2 0.0 (232) 0.0 (366) 0.0 (240) 0.0 0.0 
shTRF1-2 + Aphi 5.6 (284) 3.2 (376) 1.9 (416) 3.6 1.9 

FRA16D #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1   0.0 (232)   0.0 (266)   0.0 (300)   0.0 0.0 
pLKo.1 + Aphi 22.1 (280) 17.9 (324) 19.7 (304) 19.9 2.1 
shTRF1-1   0.0 (310)   0.0 (368)   0.0 (364)   0.0 0.0 
shTRF1-1 + Aphi 22.6 (248) 17.8 (292) 19.5 (256) 20.0 2.4 
shTRF1-2   0.0 (238)   0.0 (340)   0.0 (326)   0.0 0.0 
shTRF1-2 + Aphi 21.2 (278) 16.4 (298)  13.8 (290) 17.1 3.8 
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Supplementary Table 2 – Frequency of CFS 2q14 (Fig. 3d), N-FRA, FRA3B, FRA7H and 
FRA16D expression (Fig. 3j) after shTRF2 treatment.   
 

CFS2q14 #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pSUPER 0.0 (486) 0.0 (426) 0.0 (560) 0.0 0.0 
pSUPER + Aphi 2.5 (486) 2.5 (404) 3.5 (284) 2.8 0.6 
shTRF2 0.0 (446) 0.0 (470) 1.0 (420) 0.3 0.6 
shTRF2 + Aphi 2.4 (340) 2.1 (384) 3.9 (362) 2.8 1.0 

NFRA #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pSUPER 0.0 (368) 0.0 (356) 0.0 (280) 0.0 0.0 
pSUPER + Aphi 0.0 (242) 0.0 (262) 0.0 (298) 0.0 0.0 
shTRF2 0.3 (304) 0.0 (354) 0.0 (388) 0.1 0.2 
shTRF2 + Aphi 0.0 (218) 0.0 (276) 0.0 (342) 0.0 0.0 

FRA3B #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pSUPER  0.5 (366) 0.0 (332) 0.0 (276) 0.2 0.3 
pSUPER + Aphi  9.9 (222) 7.7 (260) 7.0 (284) 8.2 1.5 
shTRF2  0.0 (288) 0.0 (344) 0.0 (364) 0.0 0.0 
shTRF2 + Aphi 10.5 (286) 7.4 (216) 7.9 (228) 8.6 1.7 

FRA7H #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pSUPER 0.0 (330) 0.0 (332) 0.0 (274) 0.0 0.0 
pSUPER + Aphi 6.8 (220) 5.0 (280) 3.2 (308) 5.0 1.8 
shTRF2 0.6 (318) 0.0 (366) 0.0 (366) 0.2 0.3 
shTRF2 + Aphi 5.5 (218) 2.2 (226) 3.7 (214) 3.8 1.7 

FRA16D #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pSUPER   0.0 (390)   0.6 (362)  0.0 (288)   0.2 0.3 
pSUPER + Aphi 23.2 (380) 20.6 (248) 14.3 (280) 19.4 4.6 
shTRF2   0.0 (348)   0.0 (376)   0.5 (390)   0.2 0.3 
shTRF2 + Aphi 19.8 (334) 12.5 (264) 14.5 (324) 15.6 3.8 
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Supplementary Table 3 – Frequency of CFS 2q14 after treatment with shBLM and shTRF1 (Fig. 
4e).   
 

CFS2q14 #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (432) 0.0 (392) 0.0 (412) 0.0 0.0 
pLKo.1 + Aphi 1.8 (440) 1.1 (348) 1.5 (398) 1.5 0.4 
shBLM 0.2 (454) 0.6 (470) 0.7 (402) 0.5 0.3 
shBLM + Aphi 2.4 (380) 2.2 (316) 2.5 (358) 2.4 0.2 
shTRF1 1.5 (482) 1.3 (546) 1.4 (422) 1.4 0.1 
shTRF1 + Aphi 2.5 (362) 2.4 (380) 2.5 (404) 2.5 0.1 
shBLM+shTRF1 1.4 (484) 1.5 (520) 1.3 (400) 1.4 0.1 
shBLM+shTRF1 + Aphi 2.8 (320) 2.4 (288) 2.4 (364) 2.5 0.2 

!
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Supplementary Table 4 – Frequency of NFRA, FRA3B, FRA7H and FRA16D after treatment with 
shBLM and shTRF1 (Fig. 4f).   
 

NFRA #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (406) 0.0 (398) 0.0 (390) 0.0 0.0 
pLKo.1 + Aphi 0.0 (344) 0.0 (366) 0.0 (348) 0.0 0.0 
shBLM 0.0 (332) 0.0 (342) 0.0 (404) 0.0 0.0 
shBLM + Aphi 0.0 (236) 0.0 (308) 0.0 (342) 0.0 0.0 
shTRF1 0.0 (410) 0.0 (420) 0.0 (386) 0.0 0.0 
shTRF1 + Aphi 0.0 (400) 0.0 (386) 0.0 (300) 0.0 0.0 
shBLM+shTRF1 0.0 (346) 0.0 (402) 0.0 (398) 0.0 0.0 
shBLM+shTRF1 + Aphi 0.0 (268) 0.0 (320) 0.0 (302) 0.0 0.0 

FRA3B #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1   0.6 (344)   0.0 (320)   0.0 (350)   0.2 0.3 
pLKo.1 + Aphi   8.4 (226)   8.0 (410)   9.6 (356)   8.7 0.8 
shBLM   0.7 (280)   0.9 (328)   1.1 (368)   0.9 0.2 
shBLM + Aphi 14.3 (392) 11.4 (300)  13.6 (324) 13.1 1.5 
shTRF1   0.3 (390)   0.0 (410)    0.0 (380)   0.1 0.2 
shTRF1 + Aphi   4.9 (246)   7.5 (346)    8.2 (268)   6.9 1.7 
shBLM+shTRF1   0.8 (266)   0.9 (446)    1.5 (408)   1.1 0.4 
shBLM+shTRF1 + Aphi 16.0 (400) 12.4 (394)  15.6 (360) 14.7 2.0 

FRA7H #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (366) 0.0 (324) 0.0 (300) 0.0 0.0 
pLKo.1 + Aphi 3.9 (412) 3.2 (378) 3.8 (316) 3.6 0.4 
shBLM 0.4 (224) 0.3 (344) 0.5 (380) 0.4 0.1 
shBLM + Aphi 8.9 (292) 5.5 (272) 6.7 (328) 7.0 1.7 
shTRF1 0.0 (390) 0.0 (398) 0.0 (348) 0.0 0.0 
shTRF1 + Aphi 2.8 (248) 3.3 (364) 3.7 (272) 3.3 0.5 
shBLM+shTRF1 0.2 (418) 0.2 (412) 0.3 (312) 0.2 0.1 
shBLM+shTRF1 + Aphi 8.8 (272) 5.6 (374) 7.6 (368) 7.3 1.6 

FRA16D #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1   0.0 (398)  0.0 (390)   0.0 (400)  0.0 0.0 
pLKo.1 + Aphi 16.4 (354) 15.6 (378) 14.3 (336)     15.4 1.1 
shBLM   1.2 (336)   1.2 (330)   1.6 (368)       1.3 0.2 
shBLM + Aphi 28.5 (200) 22.1 (294) 22.2 (216) 24.3 3.7 
shTRF1   0.0 (380)   0.2 (426)   0.0 (356)       0.1 0.1 
shTRF1 + Aphi 18.0 (400) 17.1 (340) 15.4 (260) 16.8 1.3 
shBLM+shTRF1   1.5 (338)   1.0 (394)   1.6 (308)       1.4 0.3 
shBLM+shTRF1 + Aphi 25.8 (248) 22.8 (320) 24.3 (304) 24.3 1.5 

!
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Supplementary Table 5 – Frequency of CFS 2q14 (Fig. 5d), FRA3B and FRA16D (Fig. 5c) after 
treatment with shATR.   
 

CFS 2q14 #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1 0.0 (200) 0.0 (160) 0.0 (168) 0.0 0.0 
pLKo.1 + Aphi 1.8 (340) 1.7 (240) 2.3 (264) 1.9 0.3 
shATR 2.4 (336) 2.4 (290) 2.5 (316) 2.4 0.1 
shATR + Aphi 7.5 (320) 8.5 (214) 8.2 (220) 8.1 0.5 

FRA3B #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1  0.0 (360)  0.0 (390)  0.0 (324)  0.0 0.0 
pLKo.1 + Aphi  9.4 (192) 10.0 (180) 10.2 (196)  9.9 0.4 
shATR 20.4 (216) 15.0 (168) 14.3 (210) 16.6 3.3 
shATR + Aphi 68.3 (164) 70.4 (152) 74.3 (206) 71.0 3.0 

FRA16D #1 #2 #3 Mean SD 
 % (n) % (n) % (n) %  
pLKo.1  0.0 (140)  0.0 (172)  0.0 (160)  0.0 0.0 
pLKo.1 + Aphi 23.3 (120) 19.4 (108) 21.8 (192) 21.5 2.0 
shATR 29.4 (102) 27.0 (133) 29.5 (178) 28.6 1.4 
shATR + Aphi 88.6 (178) 92.0 (100) 91.4 (116) 90.7 1.8 

!
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Supplementary Table 6 – Frequency of CFS 2q14 (Fig. 5g), FRA3B and FRA16D expression (Fig. 
5f) in HCT116 ATRflox/- cells after deletion of ATR.   
 

CFS 2q14 #1 #2 Mean SEM 
 % (n) % (n) %  
HCT116  0.0 (256)  0.0 (248)  0.0 0.0 
HCT116 + Aphi  1.2 (324)  1.7 (344)  1.5 0.4 
HCT116flox/- - Cre - Aphi  0.0 (360)  0.0 (380)  0.0 0.0 
HCT116flox/- - Cre + Aphi  4.6 (346)  3.8 (314)  4.2 0.6 
HCT116flox/- + Cre - Aphi  2.5 (236)  3.2 (158)  2.9 0.5 
HCT116flox/- + Cre + Aphi 11.2 (206) 10.6 (198) 10.9 0.4 

FRA3B #1 #2 Mean SEM 
 % (n) % (n) %  
HCT116  0.0 (248)  0.0 (224)  0.0 0.0 
HCT116 + Aphi 18.2 (176) 21.2 (212) 19.7 2.1 
HCT116flox/- - Cre - Aphi   3.4 (234)   2.8 (282)  3.1 0.4 
HCT116flox/- - Cre + Aphi 32.3 (124) 36.9 (184) 34.6 3.3 
HCT116flox/- + Cre - Aphi 14.8 (142) 17.3 (220)  16.1 1.8 
HCT116flox/- + Cre + Aphi 83.7 (130) 91.5 (142) 87.6 5.5 

FRA16D #1 #2 Mean SEM 
 % (n) % (n) %  
HCT116    0.0 (120)   0.0 (114)  0.0 0.0 
HCT116 + Aphi  8.3 (96) 12.3 (106) 10.3 2.8 
HCT116flox/- - Cre - Aphi  1.2 (82)   1.6 (122)  1.4 0.3 
HCT116flox/- - Cre + Aphi     17.5 (90)     13.9 (86) 15.7 2.5 
HCT116flox/- + Cre - Aphi  8.8 (68)  10.4 (106)  9.6 1.1 
HCT116flox/- + Cre + Aphi     72.2 (90)     64.5 (62) 68.4 5.4 

 
















