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Telomeres replicated by leading-strand synthesis lack the 3’ overhang

required for telomere protection. Surprisingly, resection of these blunt
telomeresisinitiated by the telomere-specific 5’ exonuclease Apollo rather
than the Mrell-Rad50-Nbsl (MRN) complex, the nuclease that acts at DNA
breaks. Without Apollo, leading-end telomeres undergo fusion, which, as
demonstrated here, is mediated by alternative end joining. Here, we show
that DNA-PK and TRF2 coordinate the repression of MRN at blunt mouse
telomeres. DNA-PK represses an MRN-dependent long-range resection,
while the endonuclease activity of MRN-CtIP, which could cleave DNA-PK off
of blunt telomere ends, is inhibited in vitro and in vivo by the iDDR of TRF2.
AlphaFold-Multimer predicts a conserved association of the iDDR with
Rad50, potentially interfering with CtIP binding and MRN endonuclease
activation. We propose that repression of MRN-mediated resectionis a
conserved aspect of telomere maintenance and represents an ancient
feature of DNA-PK and the iDDR.

TRF2, or TERF2, protects mammalian telomeres by forming a tel-
omere loop (t-loop) structure in which the 3’ single-stranded (ss)
overhang invades the duplex part of the telomeres. This architec-
tural change in the telomeric DNA has been proposed to prevent
ataxia-telangiectasia mutated kinase (ATM) signaling by deny-
ing the double-strand break (DSB) sensor of the ATM pathway,
Mrell-Rad50-Nbsl (MRN), access to the telomere end. In addition,
the t-loop structureis proposed to render telomeres impervious to
classical non-homologous end joining (c-NHEJ)'” by preventing the
loading of the DNA-dependent protein kinase (DNA-PK), comprising
the Ku70 and Ku80 heterodimer (Ku70/80) and DNA-PK catalytic
subunit (DNa-PKcs), onto telomere ends.

T-loop formationrequires the presence of a3’ overhang. However,
after DNA replication, telomeres duplicated by leading-strand DNA

synthesis are presumably blunt and require 5’-end resection to regain
the 3’ overhang. At DSBs, resection is initiated by MRN and CtIP, whose
endonuclease activity nicks the 5’ strand at -15-45 nucleotides (nt) from
thebreakand then uses the 3’ exonuclease activity of MRN to generatea
shortoverhang'. Thisinitial resectionis required for long-range resection
by the Exol exonuclease as well as DNA2, which digests 5’ single-strand
DNA (ssDNA) generated by the WRN or BLM RecQ helicases. Nonetheless,
MRN-CtIPis not used to generate 3’ overhang at telomeres, possibly to
avoid MRN-dependent ATM activation, raising the fundamental ques-
tion of how MRN is kept inactive at newly replicated blunt telomeres.
At budding yeast telomeres, the resection function, and possibly the
checkpoint function, of the MRN ortholog, MRX, isinhibited by the inter-
action of the telomeric Rif2 protein with Rad50 (refs. 3-5). Rif2 is found
only in some species of budding yeast, but, interestingly, TRF2 carries
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anunrelated Rad50-binding module, the inhibitor of the DNA-damage
response (iDDR) motif®. At dysfunctional telomeres, the iDDR minimizes
the accumulation of the DNA-damage factor 53BP1 (ref. 6), butits role at
functional telomeres has not been established.

Inamniotes, the 5’ exonuclease Apollo (also known as Dclrelb or
SNMI1B) has evolved a YXLxP motif in its carboxy terminus that allows
it to bind to the TRFH domain of TRF2 through the interaction with a
region surrounding F120 (refs. 7-11). TRF2-bound Apollo is thought
to initiate 5’-end resection at leading-end telomeres to allow subse-
quent long-range resection by Exol (ref. 12). When Apollo is deleted
or prevented from binding to TRF2 (for example, when TRF2-F120A
is used to complement deletion of TRF2), leading-end telomeres do
not regain their normal 3’ overhangs and are vulnerable to end join-
ing”". Leading-end telomere fusions are abolished by deletion of
Ku70, suggesting that they are mediated by c-NHEJ"*". In addition,
Apollo deficiency leads to activation of ATM signaling at a subset of
telomeres, presumably the leading-end telomeres'®". Because MRN
is a requirement for ATM signaling’®?', MRN must be associated with
the unprocessed leading-end telomeres.

Therefore, leading-end telomeres deprived of Apollo are apower-
fultool toinvestigate how MRN can activate ATM signaling without ini-
tiating resection at blunt telomere ends. Here we show that the answer
liesin the iDDR domain of TRF2, which prevents MRN-CtIP-dependent
resection in vivo and inhibits its endonuclease activity in vitro while
having no effect on MRN exonuclease activity. AlphaFold-Multimer
modeling suggests that theinhibitionis due tointeraction ofiDDR with
the ATPase domain of Rad50,amechanism analogousto the inhibition
of MRX by Rif2. AlphaFold modeling also suggests that theiDDR-Rad50
interface overlaps with the binding site of CtIP, possibly explaining the
inhibition of the CtIP-dependent endonuclease activity of MRN but not
itsexonuclease activity. We also show that resection at leading-end tel-
omereslacking Apolloisinhibited by DNA-PK, such thatinthe absence
of DNA-PK, compensatory resection results in protected telomeres
that do not undergo fusion. This result indicates that the previously
noted dependence of telomere fusions on Ku70 is not related to the
role of DNA-PK in c-NHE] but is due to its ability to prevent resection
whenApollois absent.Inagreement, we find that the telomere fusions
in cells lacking Apollo are mediated by alt-EJ and are independent of
c-NHEJ factor ligase IV (Lig4).

Results

Alt-E) mediates fusion of telomeres lacking Apollo

In agreement with previous reports that the leading-end telomere
fusions donotoccur atblunt newly replicated leading-end telomeresin
cellslacking Ku70 (refs.13,15), no telomere fusions were induced upon
Cre-mediated deletion of Apollo from cells lacking Ku70, DNA-PKcs or
both (Fig.1a,b and Extended Data Fig. 1a-c). Although these results
couldbeinterpreted to meanthat the leading-end telomeres are joined
by c-NHEJ, this is not the case because the fusions were not dependent
onLig4 (Fig.1c,d).

Wetherefore tested the role of alt-EJ in the telomere fusion events.
Olaparibinhibition of poly(ADP-ribose) polymerase1and 2 (PARP1/2),
which mediate the early steps of alt-EJ*, resulted in a significant reduc-
tion in the telomere fusions induced by Apollo deletion (Fig. 1e,f).
Similarly, short hairpin RNAs (shRNAs) targeting Ligase Ill (Lig3)* or
DNA polymerase theta (PolQ) caused asignificant decrease intelomere
fusions in cells lacking Apollo (Fig. 1g,h and Extended Data Fig. 1d,e).
These datademonstrate that alt-EJ, rather than c-NHEJ, is amajor mode
of production of blunt telomere fusions and support previous reports
indicating that, unlike c-NHEJ, alt-EJ can engage telomeres despite the
presence of TRF2 (refs. 24,25).

DNA-PK loss restores telomere overhangin absence of Apollo
The finding that alt-EJ is responsible for the fusion of blunt telomere
ends raised the question of why these fusions are not observed in the

absence of DNA-PK. As telomere fusions in Apollo-deficient cells are
thought to be a consequence of a resection defect, we explored the
possibility that loss of DNA-PK unleashes compensatory resection that
restores the 3’ overhang. A role for DNA-PK as arepressor of resection
wouldbeinline with Ku70/80 blocking resection in yeast** . Indeed,
after Apollo deletion, cells lacking Ku70 or DNA-PKcs did not show
the decrease in the overhang signal observed in DNA-PK-proficient
cells (Fig. 2a,b). By contrast, depletion of Lig3 or PolQ did not have
this effect, and cells lacking alt-EJ showed the expected reduction
in the 3’ overhang signal upon Apollo deletion (Fig. 2¢,d), although
leading-end telomere fusions were reduced. Similarly, and consistent
with the telomere fusion phenotype, the lack of Lig4 did not affect
the reductionin the overhang due to Apollo deletion (Extended Data
Fig. 2a,b). Conditional deletion of Ku70 from otherwise wild-type
mouse embryonicfibroblasts (MEFs) did not alter the 3’ overhang signal
(Fig. 2e,fand Extended DataFig. 2¢,d), indicating that the effect of Ku70
ontelomereresectionisapparent only when Apolloisabsent. Thus, the
presence of DNA-PK appears toinhibit Apollo-independent resection
atnewly replicated leading-end telomeres. Without this inhibition by
DNA-PK, 3’ overhang formation and telomere protection are generated
independently of Apollo.

Nbsl1represses telomere fusions in the absence of DNA-PK and
Apollo

To test how DNA-PK represses resection at telomeres, we targeted
Nbs1with CRISPR-Cas9 (Fig. 3a). Bulk targeting of Nbs1did notinduce
telomere fusions in DNA-PK-null MEFs expressing Apollo (Fig. 3b,c).
However, when DNA-PKcs and Apollo were both absent, Nbs1targeting
increased the frequency of leading-end telomere fusions (Fig. 3b,c),
suggesting that DNA-PK represses resection by MRN. The frequency
of telomere fusions induced by CRISPR-Cas9 targeting of Nbsl in
DNA-PKcs-null cells was lower than that observed in DNA-PK-proficient
Apollo-knockout cells (Fig. 3b,c). It is possible that the CRISPR-Cas9
targeting was not sufficient to abort MRN-dependent resection in all
cells; however, itis also possible that other nucleases promote resection
ofthe blunt telomeresin the absence of DNA-PK, together orindepen-
dently of MRN. Indeed, depletion of Exol, which resects telomeres after
replication in normal conditions', did not induce telomere fusions
(Extended DataFig. 2e), but caused asignificant reduction of the over-
hang signal when combined with Apollo deletion in DNA-PKcs-deficient
cells (Extended Data Fig. 2f,g), suggesting that Exol contributes to the
resection after itis initiated by MRN.

TheiDDR of TRF2 inhibits MRN-CtIP at leading-end telomeres
The observation of DNA-PK preventing resection at blunt telomeres
is surprising, given that DNA-PK promotes MRN-CtIP endonuclease
activity at DSBs*°, and it suggests that MRN-CtIP has different access
to telomeres than to DSBs. As the iDDR of TRF2 interacts with MRN®, we
asked whether the iDDR affects MRN-initiated resection at telomeres
in cells lacking Apollo. We generated conditional Trf27" cells express-
ing wild-type Trf2 (WT), the Trf2*P™® allele (AiDDR), the Trf2"2°A allele
(F120A), whose product does not bind Apollo’, or a version of Trf2
containing both mutations (F120A AiDDR) (Fig. 4a and Extended
DataFig.3a,b). Importantly, removal of the iDDR completely mitigated
the effect of Apolloloss, restoring the 3’ overhang signal and abolishing
leading-end telomere fusions (Fig. 4b-e), although Chk2 phosphoryla-
tionincreased (Fig. 4a and Extended DataFig. 3¢c). Inaddition, the dele-
tionof the iDDR by itself caused asmall reductionin proliferation and
anincrease of y-H2AX foci at telomeres, as well as a trend toward greater
telomeric overhang signals for reasons that remain to be determined
(Fig. 4b,c and Extended Data Fig. 3d-f).

To establish whether the iDDR acts by controlling MRN, we
expressed the same Trf2alleles in cells lacking Nbsl and examined the
telomeric overhangsignals and telomere fusions after TRF2 deletion.
Inaccordance withthe results presented above, in the Nbsl-proficient
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Fig.1| Alt-E) promotes leading-end telomere fusions due to Apollo deletion.
a, Representative chromosome orientation fluorescence in situ hybridization
(CO-FISH) of metaphase spreads in Apollo" DNA-PKcs**Ku70**, Apollo™®
DNA-PKcs™*Ku70™", Apollo"DNA-PKcs™Ku70""*, or Apollo”* DNA-PKcs™ Ku70™~
MEFsimmortalized by simian virus 40 large T antigen (SV40LT) without any
treatment or 96 h after Hit & Run Cre-mediated deletion of Apollo. Leading- and
lagging-end telomeres were detected with Cy3-(TTAGGG); (red) and Alexa-
Fluor-488-(CCCTAA); (green) probes, respectively. DNA was stained with DAPI
(blue). Arrows indicate leading-end telomere fusions. The boxed regions are
enlarged in the bottom row. b, Quantification of leading-end telomere fusions
asshownina. Each dot represents the percentage of telomeres fused in one
metaphase. Bars represent the median of fused telomeres in n=30 metaphases
over 3independent experiments (10 metaphases per experiment). Only fusions
involving two leading-end telomeres (lead-lead) are shown. ¢,d, Representative
micrographs of metaphase spreads in Apollo™ Lig4*"* and Apollo™ Lig4”~ MEFs (c)
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and quantification of leading-end telomere fusions (d) before and 96 h after

Hit & Run Cre. Quantification asin b for n =45 metaphases over 3 independent
experiments (15 metaphases per experiment). e,f, Representative micrographs
of metaphase spreads of Apollo™ MEFs (e) and quantification of leading-end
telomere fusions (f) 96 h after Hit & Run Cre and/or after 24 h of treatment with

2 uM of the PARP inhibitor olaparib (PARPi). Quantificationasinb for n=30
metaphases over 3 independent experiments (10 metaphases per experiment).
g,h, Representative micrographs of metaphase spreads of Apollo™* MEFs (g) and
quantification of leading-end telomere fusions (h) 108 h after Hit & Run Cre. Cells
were transduced with empty vector or an shRNA targeting Lig3 or PolQ.for n=45
metaphases over 3independent experiments (15 metaphases per experiment).
Statistical analysis by Kruskal-Wallis one-way analysis of variance (ANOVA) for
multiple comparisons. Scale bars (a,c,e,g), 10 um. ***P<0.0001, ***P< 0.001,
**P<0.01,*P<0.05.NS, not significant. See also Extended Data Fig. 1.
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shades), with mean + s.d. indicated. c¢,d, Telomeric overhang assay (c) and
quantification (d) on SV40LT-immortalized Apollo"" MEFs transduced with
empty vector or shRNAs targeting Lig3 or PolQ and 108 h after Cre-mediated
deletion of endogenous Apollo. n =4 independent experiments. Data are
presented as mean £ s.d. e,f, Telomeric overhang assay (e) and quantification (f)
of Ku70"* (n=3) and two independent Ku70"* (n=5) MEFs 96 h after Hit & Run
Cre-mediated deletion of endogenous Ku70. n =3 independent experiments.
Data are presented as mean + s.d. Statistical analysis by two-way ANOVA (b,f) and
two-tailed unpaired t-test (d). ***P< 0.0001, ***P< 0.001, **P< 0.01, *P< 0.05.
See also Extended Data Figs.1and 2.

cells, absence oftheiDDR mitigated the 3’ overhang defect observedin
absence of Apollo. By contrast, the deletion of theiDDR from TR2-F120A
cells did not improve the processing of leading-end telomeres when
Nbsl was absent (Fig. 5a,b). Similarly, the leading-end fusions at tel-
omeres lacking Apollo were diminished when the iDDR was removed
from TRF2in Nbsl-proficient cells. By contrast, in Nbs1-deficient cells,
removal of the iDDR from TRF2 did not affect the leading-end telomere
fusions owing to lack of Apollo recruitment (Fig. 5c,d). These results
indicate that the iDDR of TRF2 acts through MRN.

Norolefor53BP1

Because 53BP1blocks the formation of excessively long 3’ overhangs at
dysfunctional telomeres®**}, we tested whether 53BP1also affected
the formation of 3’ overhangs at telomeres lacking Apollo. However, in

53BP1-deficient cellswith TRF2 deletion that expressed the F120A allele,
there was a reduction of the 3’ overhang signal; for 53BP1-proficient
cells, no reduction was observed in cells with the F120A AiDDR allele
(Extended Data Fig. 4a). Furthermore, 53BP1 status had no effect on
thereductioninthe 3’ overhang after Apollo deletion (Extended Data
Fig.4b,c), indicating that the iDDR inhibits MRN-CtIP independently
of 53BP1.

In vitro inhibition of MRN-CtIP endonuclease by the iDDR

Giventhat theiDDR inhibits MRNin a 53BP1-independent manner, we
asked whether it directly affects MRN activity. MRN is an endonucle-
ase thatis activated by phosphorylated CtIP to nick the 5" strand at
protein-blocked DNA ends**~*°. The endonuclease activity of MRN-CtIP
can be measured under physiological conditions on a DNA substrate
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of Apollo and DNA-PKcs. a, Immunoblots for Nbslin SV40LT-immortalized
Apollo" DNA-PKcs™~ MEFs, after transduction with Cas9 expression vector with
short guide RNA (sgRNA) targeting NbsI or without this sgRNA (Vec) and/or Hit &
Run Cre. Actinis shown as a loading control. b,c, Representative micrographs of
metaphase spreads in Apollo™" and Apollo”F DNA-PKcs™~ MEFs (scale bars,

10 um) (b) and quantification of leading-end telomere fusions (c) 96 h after
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Cre-mediated deletion of Apollo and/or 48 h after deletion of Nbs1 by CRISPR-
Cas9 and the specific sgRNA, as shownin a, for n=30 metaphases collected over
3independent experiments (10 metaphases per experiment). In micrographs,
the boxed areais enlarged in the bottom row. The white arrow indicates a leading-
end telomere fusion. In the graph, bars represent the median. Statistical analysis
by Kruskal-Wallis one-way ANOVA for multiple comparisons. ****P<0.0001,
**P<0.001,**P<0.01,*P<0.05.

that is bound to DNA-PK. In this setting, MRN generates an endonu-
cleolytic product of approximately 45 nt*°. Indeed, purified TRF2
inhibited the formation of this product in a dose-dependent manner
(Fig. 6a-c). By contrast, the AiDDR motif TRF2 mutant did not have this
effect, indicating that the iDDR is required for the inhibition of MRN
endonuclease activity. MRN also exhibits a 3’-5’ exonuclease activity
thatisindependent of CtIP*”*%, In contrast with its role in inhibiting the
endonuclease activity of MRN, the addition of WT or AiDDR TRF2 did
notinhibit the exonuclease activity of MRN (Fig. 6d-f). These results
show that the iDDR has a specific effect on the endonuclease activ-
ity of MRN-CtIP but does not interfere with the DNA-end-binding or
exonuclease activity of MRN. The effect of the iDDR is similar to that of
Rif2 in budding yeast, which inhibits MRX endo- but not exonuclease
activity>*.

AlphaFold predicts the interaction between iDDR and RAD50
It has previously been shown that the iDDR of TRF2 pulls down Rad50
in co-immunoprecipitation experiments®. However, these experiments
did notdetermine which subunit of MRN interacts with TRF2. We inves-
tigated the potential interactions of the human iDDR with MRN subunits
using AlphaFold-Multimer®. AlphaFold-Multimer predicted an inter-
action between the iDDR and the globular ATPase domain of RAD50
(Fig. 7a-c). The iDDR was predicted with high confidence (pLDDT
value) in the top five ranked models (Fig. 7b). No interactions were
predicted with MRE11, NBS1 or CtIP, and the iDDR was predicted with
low confidence (predicted local distance difference test (pLDDT) value)
in these models, suggesting that RAD50 binding orders the domain
(Extended Data Fig. 5a). The predicted interaction of the iDDR with
RADS50 is highly conserved in metazoans, including both vertebrate
TRF2 and invertebrate TRF proteins (Extended Data Fig. 5b,c).

The telomere-binding proteins Rif2 and Tazl of budding and
fission yeast, respectively (Extended DataFig. 6a), have recently been
proposed to bind to Rad50 via their MRN(X)-inhibitory (MIN) domains
(also called the BAT domainin Rif2)**. AlphaFold-Multimer predicted
that Rif2 and Tazl bind their cognate Rad50 proteins using the same

interface in the ATPase domain used by the iDDR (Extended Data
Fig. 6b,c). Despite this analogous binding site, the MIN domains of
Rif2 and Tazl do not show sequence homology and are predicted to
be structurally different from the iDDR domain. In fact, the iDDR con-
sists of a cluster of basic residues followed by acidic residues, which
create a characteristic drop in local isoelectric point (pl) (Extended
Data Fig. 6d,e; ref. 10). On the contrary, the MIN domains of Rif2 and
Tazlhave aswitched order of basic and acidic residues. This inversion
isreflected in their predicted orientation on the surface of Rad50,
with the N-terminal residues of the MIN domain pointing toward the
coiled-coils, whereas in the iDDR, the C terminus is pointing towards
the coiled-coils (Extended Data Fig. 6d). This inverted orientation sug-
gests that these motifs may have evolved independently and that their
similar functionis due to convergent evolution (Extended DataFig. 6f),
and therefore that an MRN-inhibitory moduleis a highly selected and
ancient feature of telomeres.

TheiDDR s predicted to compete with CtIP for RAD50 binding
Datafrombudding yeast suggest that Rif2 inhibits the MRX endonucle-
ase activity by outcompeting Sae2 at its Rad50-binding site***. There-
fore, we used AlphaFold-Multimer to query whether the iDDR might
similarly affect the interactions between CtIP and the MRN complex.
The ‘Sae2-like’ C terminus of CtIP was predicted with high confidence
tointeract with the same surface of RAD50 that the iDDR of TRF2 also
interacts with (Fig. 7d-f). Interestingly, this is the region where the
RADS50S separation-of-function alterations cluster, which are deficient
in CtIP-dependent endonuclease, but notin CtIP-independent exonu-
clease, activity**"*%. This region of CtIP is highly conserved across meta-
zoans, consistent with its potential role in regulating the MRN complex
(Extended Data Fig. 7a), which is also highly conserved. Additionally,
Sae2 and Ctpl (the fission yeast homolog of CtIP) were predicted to
bind to their respective Rad50 proteinsin asimilar manner (Extended
Data Fig. 7b-d). Collectively, the data suggest that the iDDR of TRF2
can prevent CtIP from binding to RAD50, blocking the activation of
MRN endonuclease activity (Fig. 7g).
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Fig.4 | TRF2 prevents Apollo-independent processing of 3’ telomere
overhang through the iDDRregion. a, Immunoblot of endogenous and
exogenous TRF2 and Chk2 phosphorylation in SV40LT-immortalized Trf2"

and the +Cre value was given relative to 1, with mean + s.d. indicated. Statistical
analysis by two-tailed unpaired ¢-test. d,e, CO-FISH metaphase analysis (d) and

quantification of leading-end telomere fusions (e) in Trf2"*RsCre-ER™ MEFs
expressing empty vector (EV) or one of the MYC-Trf2 alleles described ina

96 hafter treatment with 4-OHT. Scale bars, 10 pm. The bars on the graph show
the median. Statistical analysis by Kruskal-Wallis one-way ANOVA for multiple
comparisons for n =30 metaphases over 3 independent experiments (10
metaphases per experiment). ***P<0.0001, **P<0.001, **P< 0.01, *P< 0.05.
See also Extended Data Fig. 3.

FRsCre-ER™ MEFs expressing empty vector (EV) or the MYC-Trf2 (WT),
MYC-Trf2*P°R (AiDDR), MYC-Trf272°* (F120A) or MYC-Trf2712°4 8PPR (F120A AIDDR)
alleles at 96 h after 4-OH tamoxifen (4-OHT)-mediated deletion of endogenous
TRF2. Actinis shown as aloading control. b,c, Telomeric overhang assay (b)

and quantification (c) from n =4 independent experiments of cells treated as
describedina. For each MYC-Trf2 allele, the normalized —-Cre value was set to1,
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Discussion

Theseresults reveal the ability of the TRF2iDDR and DNA-PK toindepen-
dently inhibit all MRN-mediated resection at blunt-ended telomeres,
although they resemble DSBs (Fig. 7h). When telomeres are replicated
in the absence of Apollo, the leading-strand DNA-synthesis products
lack the protective 3’ overhang and become vulnerable to alt-EJ. These
fusion events depend on the ability of DNA-PK to prevent long-range
resection. However, it has been puzzling why MRN-CtIP does not pro-
mote DNA end processing by removing DNA-PK from these telomeres,
asitdoesat DSBs. Here we show that the iDDR of TRF2 blocks MRN-CtIP

endonuclease activity in vitro and prevents MRN from acting at blunt
leading-end telomeres in vivo. Our structure-prediction data sug-
gest that the iDDR acts by preventing the formation of the MRN-CtIP
complex. Because MRN-CtIP is not active at telomeres bearing the
iDDR, DNA-PK can persist at these ends, leading to complete absence
of resection. When the iDDR is removed, MRN-CtIP is active and can
cleave DNA-PK off the telomere ends. Interestingly, when DNA-PK is
absent, MRN can still engage the ends, leading to long-range resec-
tion, although the endonucleolytic activity of MRN-CtIP should be
held in check by the iDDR. In both scenarios, resection is activated.
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were prepared identically. Protein molecular weight (MW) is shown as control.
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endonucleolytic cleavage product (-45 nt away from the end). d, Schematic of the
MRN exonuclease assay. e,f, MRN endonuclease assay gel (e) and quantification
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are presented as mean + s.d. Statistics by two-tailed unpaired ¢-test assuming a
Gaussian distribution. ***P<0.0001, **P<0.001, **P< 0.01, *P<0.05.

Paradoxically, this leads to the formation of a protective 3’ overhang
independently of Apollo. Importantly, we show that the inhibition
of MRN endonuclease activity at eukaryotic telomeres is conserved,
owingin part to convergent evolution.

TheiDDRisanancient feature of the TRF subunit of shelterin. It was
already present when metazoans emerged, prior to the gene duplica-
tionthat created TRF1and TRF2 and long before Apollo-TRF2 binding
evolved'. By contrast, the genes involved in the ability of mammalian
iDDR to minimize the accumulation of 53BP1 at dysfunctional telom-
eres, including BRCC3, RNF8, RNF168 and 53BPl itself, are not conserved
inallmetazoans*. This argues that the iDDR evolved the ability to affect

53BP1later asasecondary feature. The argument thatinhibiting MRN is
the original function of the iDDR is strengthened by the finding that the
MRN/Xinhibitory modules (called MIN or BAT) are found at telomeres
infungi.Remarkably, these fungal MIN modules interact with the same
partof Rad50 that the iDDR interacts with. Because the MIN/BAT have
no sequence similarity to the iDDR, are found in proteins that are not
orthologous to TRF2 (for example, Rif2) and bind in an inverse orien-
tation compared with the iDDR, we infer that the inhibition of MRN
at telomeres represents an example of convergent evolution. Such
convergent evolution speaks to the strong selective pressure to pre-
serve theinhibition of MRN at telomeres, despite major changesinthe
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for the MIN/BAT" and suggested by high Chk2 phosphorylationinthe  stimulates MRN-CtIP endonuclease activity in vitro®. Theseresults are
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Fig.7| The iDDR of TRF2is predicted to compete with CtIP for binding to
RAD5O0. a, Predicted aligned error (PAE) plot from AlphaFold-Multimer modeling
of human RAD5S0-TRF2. Representative of five ranked models generated with
default parameters. b, pLDDT plot showing per-residue confidence score across
human TRF2 from the ranked RAD50-TRF2 models. ¢, Predicted structure of a
human RAD50 dimer with a dimer of human TRF2. The RAD50 coiled-coils were
truncated for the dimer model. Only the iDDR of TRF2 is shown. d, PAE plot from
the AlphaFold-Multimer modeling of human RADS0-CtIP. Representative of

five ranked models generated with default parameters. e, pLDDT plot showing
per-residue confidence score across human CtIP from the ranked RAD50-CtIP
models. f, Predicted structure of ahuman RAD50 dimer with the Sae2-like
domain of human CtIP. The RAD50-CtIP monomer model was superimposed on
the predicted structure of an RAD50 dimer from c. g, Model for inhibition of MRN

endonuclease activity by the TRF2 iDDR. TRF2 competes with CtIP for binding
to RADS50, which stimulates the endonuclease-active state of MRN. h, Model for
leading-end telomere processing and protection mediated by TRF2 and DNA-
PK. TRF2 promotes the 5’-resection of the leading-end telomere by recruiting
Apollo.Inthe absence of Apollo, either owing to Apollo deletion or the lack of
recruitment due to TRF2-F120A, the newly replicated leading-end telomere ends
cannot be resected and undergo fusion mediated by alt-NHEJ. In the absence of
Apollo and the iDDR domain of TRF2, MRN-CtIP initiates resection at DNA-PK-
bound leading-end telomeres, leading to telomere protection and the absence
of fusions. When both DNA-PK and Apollo are absent, MRN can promote the
resection of the free DNA ends, even in the presence of the TRF2 iDDR domain.
See also Extended Data Figs. 5-7.

atends blocked by DNA-PK, such as single-ended DSBs resulting from
replication fork collapse*®. Our datademonstrate that the iDDR inhibits
MRN-CtIP from acting as an endonuclease, effectively blocking all
MRN-CtIP-mediated resection at the DNA-PK-bound telomeres. Impor-
tantly, DNA-PK, which localizes at telomeres in normal conditions*’*%,
allows Apollo processing. However, in the absence of DNA-PK, telom-
eres can be processed independently of Apollo. This resection seems
to at least partially depend on Nbsl. Therefore, we propose that MRN
can promote the resection of blunt-ended telomeres when DNA-PK is
absent, possibly owing toits ability toload other resection factorsat the
ends, as MRN itself has no 5’ exonuclease activity. We further propose
that thisloading activity of MRN does not require CtIP, explaining why
itisnot repressed by the iDDR. In agreement, MRN promotes loading
of Exoland other long-range resection factors like BLM/DNA2 at DNA
ends in vitro and enhances the processivity of Exol resection in the
presence of RPA*~*', Consistent with this, Exolisinvolvedin overhang
generationinthe absence of DNA-PKcs and Apollo, although probably
only after thefirst step of resectionisinitiated. Whether other resection
regulatorsinadditionto MRN and Exol gainaccess to the telomere ends
thatlack DNA-PK remains to be determined.

The data show that the leading-end telomeres in cells lack-
ing Apollo become joined by PolQ-dependent alt-EJ (also called
theta-mediated end joining, TMEJ])*>**. This result was unexpected
because leading-end telomeres lacking Apollo are presumed to be
blunt, whereas alt-EJ joins DSBs with 3’ overhangs. In alt-EJ, PolQ
uses microhomologies to anneal 3’ overhangs and then executes
templated DNA synthesis to create the substrate for Lig3-mediated
ligation. Because PolQ is auto-inhibited at DNA ends with short or no
3’ overhangs®, it remains to be determined how it acts on the blunt
leading-end telomeres. Conversely, itis prudent to ask why alt-EJ does
not act on telomeres that have a 3’ overhang that can anneal to form
2 base pairs every 6 nt. Most likely, this is owing to the presence of
the POT1 (Potla and Potlb in mice) on the ssDNA, because alt-E] has
been shown to act at telomeres that lack POTI1 (refs. 25,55). Finally, it
is curious that the bluntleading-end telomeres formed in the absence
of Apollo are not processed by c-NHEJ, despite their interaction with
DNA-PK.Perhaps TRF2inhibits c-NHEJ in S and G2 through Rap1 (ref. 56)
or by binding to Ku70/80 (ref. 57). Such S- or G2-specific mechanisms
of c-NHEJ repression may also account for the lack of c-NHE] repair of
telomere-internal DSBs created in S or G2 (ref. 24).
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Methods

Cell lines and cell treatments

SV40LT Apollo™, Trf2" Rosa26Cre-ER™, Trf2"*53bp1~7' Rosa
26Cre-ER™, Trf2""NbsI™* and Trf2"*NbsI"~ MEFs have been previ-
ously described”**8, Apollo™ Dnapkcs™, Apollo™"Ku70™"~, Apollo®
FDnapkcs” Ku707~ and Apollo™ Lig4”~ MEFs were obtained by inter-
crosses between the respective single-mutant mice® . To generate
the Ku70"" mouse, the Ku70 gene (Xrcc6, chromosome 15) was modi-
fied by gene targeting. Male ES cells Xrcc6™3 OMPMbp were obtained
from the Knockout Mouse Programme (KOMP) and used to derive
heterozygous mice. The LacZ/Neo insert was removed by crossing to
flippase mouse, resulting in the floxed allele (Ku70F). Standard crosses
of Ku70™* mice were used to derive Ku70"" MEFs. Mice (Mus musculus
musculus, strain mixed C57BL/6 and 129) were housed and cared for
under the Rockefeller University AIACUC protocol 22030-H at the
Rockefeller University’s Comparative Bioscience Center, which pro-
vides animal care according to NIH guidelines. All MEFs were isolated
from embryonic day 12.5 (E12.5) or E13.5 embryos, immortalized at
passage 2 with pBabeSV40LargeT (agift from G. Hannon) and cultured
inDulbecco’s Modified Eagle Medium (DMEM) (Cellgro) supplemented
with 15% fetal bovine serum (FBS) (Gibco), non-essential amino acids
(Gibco), L-glutamine (Gibco), penicillin-streptomycin (Gibco) and
50 pM B-mercaptoethanol (Sigma). Genotyping was performed by
Transnetyx using real-time PCR. 293T/17 (HEK 293T/17) (ATCC CRL-
11268) and Phoenix ECO cells (ATCC CRL-3214) were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) (Corning) supplemented
with 10% HyClone Calf Serum (Cytiva), non-essential amino acids
(Gibco), L-glutamine (Gibco) and penicillin-streptomycin (Gibco).
PARPinhibitor (PARPi) (Olaparib, AZD2281/ KU-59436, BioVision) was
dissolvedin DMSO and added at a final concentration of 2 uM for 24 h.
Rosa26Cre-ER™ was induced by incubation with1 uM 4-OHT for 24 h.

Viral gene delivery

For retroviral or lentiviral transduction, a total of 20 pg plasmid DNA
was transfected into Phoenix Eco or 293T cells, respectively, using
CaPO, precipitation. The viral supernatant was filtered through a
0.45-pm filter, supplemented with 4 pg ml™ polybrene and used for
the transduction of target cells. Cre was induced with three infec-
tions per day (6-12-h intervals) over 2 d. pMMP Hit & Run Cre retro-
virus was produced in Phoenix ECO cells or by adding 1 uM 4-OHT
(4-OHT; Sigma H7904) to the medium. Time point O was set 12 h after
the first Hit & Run Cre infection or at the time of 4-OHT addition.
Lentiviral particles containing the shRNAs targeting ligase 3 (target:
5-CCAGACTTCAAACGTCTCAAA-3’; TRCNO000070978, Sigma), or
DNA polymerase theta (target: 5-CGGTCCAACAAGGAAGGATTT-3;
TRCNO000120312, Sigma) ina pLKO.1 vector (Open Biosystems) were
produced in 293T cells and introduced into target MEFs with 3 infec-
tions per day (6-12-hintervals) over 2 d. Infected cells were then trans-
fected with Hit & Run Cre and selected for over 3d in 2-4 uM puromycin
before collection. Lentiviral particles containing lentiCRISPR v2 with
or without sgRNA against Nbs1 (5’-GAGAATTACTGTAATCCGCA-3’,
designed on Benchling (Biology Software) (2021)) were produced in
293T cellsandintroduced into target MEFs with six infections (4-12-h
intervals) over2d after 4 infections with Hit & Run Cre (6-12-h intervals)
over2d.Infected cells were selected for 2d in 2-4 uM puromycinbefore
collection. Retroviral particles containing the shRNAs for Exo I (target:
5-GCATTTGGCACAAGAATTA-3’) in pSuperior vector were produced
inPhoenix ECO cellsandintroduced into target MEFs with three infec-
tions per day (6-12-hintervals) over 2 d before selection in puromycin.

Immunoblotting

Cellswere lysed in2x Laemmli buffer at 5 x10% cells pl™, and the lysate
was denatured for 10 min at 95 °C before shearing with an insulin nee-
dle.Lysate equivalent to1x10° cells was resolved using SDS-PAGE and
transferred to anitrocellulose membrane. Western blot was performed

with 5% milk in PBS containing 0.1% (vol/vol) Tween-20 (PBS-T) using
antibodies to the following: 3-actin (no. 3700; Cell Signal; 1:1,000);
Chk2 (BD 611570; BD Biosciences; 1:800); DNA-PKcs (SC-1552; Santa
Cruz Biotechnology; 1:200); Ku70 (sc-17789 or sc-1487; Santa Cruz
Biotechnology; 1:200); Lig3 (SC-135883; Santa Cruz Biotechnology;
1:1,000); Nbsl (ab175800; Abcam; 1:1,000); TRF2 (no. 13136; Cell
Signal; 1:500); y-tubulin (GTU-88; GeneTex; 1:1,000); and secondary
HRP-conjugated anti-mouse/anti-rabbit IgG (Cytiva).

Signals were detected according to the manufacturer’s instruc-
tions using chemiluminescence western blotting detection reagents
(Cytiva) and either BioMax MR film (Kodak) or ChemiDoc (Bio-Rad).

Chromosome orientation fluorescence in situ hybridization
and immunofluorescence-fluorescence in situ hybridization
CO-FISH and immunofluorescence-fluorescence in situ hybridiza-
tion (IF-FISH) were performed as previously described®?, with minor
changes. Briefly, for CO-FISH, cells were labeled with BrdU (7.5 pM)
or BrdC (2.5 uM) for 16 h and treated with 0.2 pg ml™ colcemid (Bio-
west) for 1 or 2 h before collection by trypsinization. Collected cells
were incubated in the hypotonic solution 0.055M KCl at 37 °C for 30
min before fixation in methanol:acetic acid (3:1) overnight at 4 °C.
Cells were dropped onto glass slides and allowed to dry overnight.
Slides were then rehydrated with PBS, treated with 0.5 mg ml™ RNase
A (R5000; Sigma) in PBS for 10 min at 37 °C, stained with 1 ug mi™
Hoechst 33258 (B2883; Sigma) in2xSSC for 15min and exposed to 5.4 x
10%Jm™2365-nm UV light (Stratalinker 1800 UV irradiator). After diges-
tion with 600 U Exonuclease Il (M1815, Promega) for 30 min, slides
were dehydrated through an ethanol series of 70%, 95% and 100% and
allowed to dry. Staining was performed in hybridization solution (70%
formamide, 1 mgml™blocking reagent (1109617601, Roche) and 10 mM
Tris-HCIpH 7.2) with PNA probes from PNA Bio: Cy3-00-(CCCTAA);and
Alexa-Fluor-488-0O0-(TTAGGG),, or Alexa-Fluor-647-00-(CCCTAA),,
and Cy3-00-(TTAGGG),. Washes were performed twice in washing
solution no.1(70% formamide; 0.1% BSA; 10 mM Tris-HCI, pH 7.2) and
three times in washing solution no. 2 (0.08% Tween-20; 0.15 M NaCl;
0.1M Tris-HCI, pH 7.2), or in PBS. DAPI (D1306, Invitrogen) was added
to the second wash to stain DNA. Slides were left to dry and mounted
with Prolong Gold Antifade (P36934, Fisher) embedding medium.

For IF-FISH, MEFs were grown on coverslips precoated with
poly-D-lysine (A3890401, Gibco) for 1-2 d. Cells were rinsed in cold
PBS and pre-extracted using cold Triton X-100 buffer (0.1% Triton
X-100;20 mM Hepes-KOH, pH 7.9; 50 mM NacCl; 3 mM MgCl,; 300 mM
sucrose) for 20 min on ice, followed by two washes in 1x PBS at RT,
before fixation for 10 min at RT with 3% paraformaldehyde and 2%
sucrose. Cells were permeabilized for 15 min with 0.1% Triton X-100
buffer before blocking and staining in blocking solution (1 mg ml™
BSA; 3% goat serum; 0.1% Triton X-100; 1 mM EDTA, pH 8, in PBS).
A primary antibody to YH2AX (JBW301, Millipore; 1:1,000) and a sec-
ondary anti-mouse-Alexa-Fluor-647 antibody (A32728, Invitrogen)
were incubated overnight at 4 °C or 1 h at RT, respectively. Samples
were again fixed in 3% paraformaldehyde and 2% sucrose for 10 min at
RT before dehydration through the ethanol series of 70%, 95% and 100%
and allowed to dry. Hybridization was performed with Alexa-Fluor-
488-00-(TTAGGG); in hybridization solution (70% formamide; 0.5%
blocking reagent (1109617601, Sigma); 10 mM Tris-HCI, pH 7.2) for 10
minat45°Conaheatblock, followed by incubation at RT for 2 h. After
two washes in washing solution (70% formamide; 10 mM Tris-HCI,
pH7.2) and threein PBS, in which DAPIwas added to stain the cell nuclei,
coverslips were left to dry and mounted with Prolong Gold Antifade
embedding medium.

Pictures were acquired on a Leica DMi8 microscope (Leica
Microsystems) Hamamatsu ORCA Flash 4 sCMOS V3 camerawith a x63
1.2numerical aperture (NA) objective or a DeltaVision RT microscope
system (Applied Precision-GE Healthcare) with aPlanApo x601.40 NA
objective lens (Olympus America). For DeltaVision RT, acquisition was
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performedat1x1binningand multiple 0.2-pm Z-stacks using SoftWoRx
software; images were deconvolved, and 2D-maximum intensity projec-
tion images were obtained using Soft WoRx software. Chromatid and
chromosome-type fusions were analyzed using Fiji (1.0) software® after
arbitrary assignment of red for both (TTAGGG) ;-probes and green for
both (CCCTAA) ;-probes.

Semi-automated analysis and quantification of colocalization
was performed using CellProfiler®* with the following pipeline:image
cropping to remove edge artifacts due to deconvolution; channel
intensity rescaling to cover the full histogram range value; ‘speckle
features enhancement’ to increase detection sensitivity and remove
background or artifact aggregates; ‘channel-wise primary objects
identification’to detectindividual nuclei and individual foci; and cor-
relation of the foci coordinates in the different channels and with the
respective nuclei to define colocalization events. Nuclei with fewer
than 10 detected PNA foci were discarded.

RNA extraction and qQRT-PCR
RNA was extracted from 1 x 10° cells using the RNeasy Mini Kit (Qia-
gen). Then, 500 ng of RNA was reverse transcribed using the First
Strand cDNA Synthesis Kit (Thermo Scientific). SYBR Green PCR
Master Mix (Applied Biosystems) was used for quantitative PCR.
Primers used were:
B-actin-forward (F): 5-TTCTACAATGAGCTGCGTGTGG-3’ (ref. 65)
B-actin-reverse (R): 5-ATGGCTGGGGTGTTGAAGGT-3’ (ref. 65)
PolQ-F: 5-GCTACCTCCAGAGTCTGTTTCAG-3’
PolQ-R:5’-ATCCACGACCACCATTCCTAAC-3’

In-gel analysis of single-stranded telomeric DNA

Mouse telomeric DNA was analyzed on Clamped homogenous electric
field (CHEF) gels, as described previously®’. Briefly, cells were col-
lected by trypsinization, resuspended in PBS, mixed with 2% agarose
(1:1ratio) at 50 °C and cast in a plug mold 0.7 x 10°-1 x 10° cells per
plug. Plugs were digested overnight at 50 °C in 1 mg ml™ proteinase
K (03115879001; Roche) in digest buffer (100 mM EDTA, 0.2% sodium
deoxycholate and 1% sodium lauryl sarcosine) and washed five times
in TE. DNA was digested overnight at 37 °C by 60 U Mbol (no. R0147;
New England BioLabs). Plugs were then washed in TE, equilibrated in
0.5x TBE and loaded on a 1% agarose/0.5x TBE gel. DNA was resolved
by a CHEF-DRII PFGE apparatus (Bio-Rad) for 20 h, with the following
settings: initial pulse, 5s; final pulse, 5s;6 Vecm™at 14 °C. Gel was dried
and hybridized overnight at 50 °C with a [y-**P]ATP end-labeled TelC
(AACCCT), probe in Church mix (0.5 M sodium phosphate buffer pH
7.2,1mMEDTA, 7% SDS, 1% BSA). After three washes in 4x SSC and one
in 4x SSC/0.1% SDS at 55 °C, the gel was exposed for 1or 2 d, and the
single-stranded telomere signal was captured by Typhoon Phospho-
Imager. For the acquisition of the total telomere signal, the gel was
denatured with 1.5 M NaCl/0.5 M NaOH for 1 h, neutralized with two
washes of 1h eachin 0.5M Tris-HCI pH 7.0/3 M NaCl, pre-hybridized
for 30 min at 55 °C in Church mix and hybridized overnight at 55 °C
with the same probe. The denatured gel was washed and exposed as
described before. Quantification of the signals in each lane was done
using ImageQuant software. After subtraction of the background,
the single-stranded signal was normalized to the total telomeric DNA
signalinthe same lane. The indicated control value was setto1,and all
the other values were given as a percentage of it.

Generation and expression of MYC-TRF2 mutant alleles
PCRwas used to generate AiDDR mutant alleles of MYC-tagged mTRF2
(MYC-TRF2)inpLPCrretroviral vector using previously published con-
structs’ as templates and the following primers:

TRF24PPR-F: 5"-GTTCAGGCACCAGGTGAAGACAG-3’

TRF24PPR-R: 5-TGCTTTGGGCTTCTTCTCCCCCG-3’

Atotal of 4 infections at 6-12-h intervals were performed before
selection for2-5din2-4 uM puromycin.

Protein purification and nuclease assay

TRF2.Human TRF2 and TRF2-AiDDR were cloned into a modified pFast-
bac vector with aHis,-MBP tagand a 3C protease cleavage site. Proteins
were expressed ininsect cells grown for 72 hafter infection with bacu-
lovirus, collected, frozen in liquid nitrogen and stored at —80 °C. Cell
pellets were thawed and homogenizedin lysis buffer (40 mM TrispH 8,
500 mMNacl, 0.5mM TCEP,10% glycerol, 0.1% Tween-20,1 mM PMSF,
protease inhibitor cocktail (Roche)). Cells were pelleted at 18,000g
andincubated with1mINi-NTAresin for1h. The resinwas washed with
buffer A (40mM Tris pH 8,100 mM NaCl, 0.5mM TCEP,10% glycerol) and
proteins were eluted inbuffer Aand 200 mMimidazole. Proteins were
incubated with 3C protease overnight at 8 °Cand injected on aHi-Trap
Heparin column (Cytiva). After being washed extensively with buffer
A, proteins were eluted in buffer B (40 mM Tris pH8,1M NacCl, 0.5 mM
TCEP, 10% glycerol). The most concentrated fractions were injected
into a Superose 6 column (Cytiva) equilibrated in buffer A. Fractions
were analyzed on SDS-PAGE for purity, pooled, concentrated to
1mgml™, aliquoted and flash-frozen in liquid nitrogen.

MRN, CtIP and DNA-PK. MRN, CtIP and DNA-PK (Ku70/80 and
DNA-PKcs) were purified as described previously®°. CtIP purified from
insect cellsis phosphorylated.

Endonuclease assay. The MRN-CtIP endonuclease assay was per-
formed as described®, with the following modifications: MRN was
preincubated withthe noted concentrations of TRF2 or TRF2-AiDDR for
10 minonice before addition of aseparately prepared mixture contain-
ing DNA-PK, 5’ *?P-labeled substrate DNA and NU7441. Endonuclease
activity was initiated by addition of the remaining components, and
CtIP and reaction products were assessed after 1 h at 37 °C on poly-
acrylamide gels containing 12% polyacrylamide, 20% formamide and
6Murea, and were imaged by phosphorimager.

Exonuclease assay. MRN exonuclease assay was performed essentially
as described***°. Briefly, PC1253C (5-AACGTCATAGACGATTACATT
GCTAGGACATCTTTGCCCACGTTGACCCA-3")waslabeledatthe3’end
with alpha-ATP by TdT for 1 h at 37 °C, heat inactivated at 75 °C for 20
minand purified ona G-25spin column. Labeled oligonucleotide (100
nM final) was annealed to 2x concentration (200 nM final) of PC1253B
(5-TGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTAT
GACGTT-3’) with a 3’ Biotin-TEG label. Labeled substrate (1 nM final)
was preincubated with 15 nM streptavidin in reaction buffer (16 mM
Tris pH 8,40 mM NaCl, 4% glycerol, 0.2 mM TCEP, 5 mM MgCl,, 1 mM
MnCl,, 1 mM ATP, 0.25 mg ml™ BSA). Mrel1-Rad50 (120 nM final) was
preincubated with 2.5x Nbs1 (300 nM final) and TRF2 at the indicated
concentration before being added to the reaction mix. The reac-
tion was incubated at 37 °C for 2 h before stop buffer (16 mM EDTA,
0.3 mg ml™ Proteinase K and 0.3% SDS final) was added, followed
by incubation at 50 °C for 30 min. Products were resolved on a 15%
TBE-Urea gel (Thermo) and visualized on a Phosphoimager. Four
independent replicates were performed and quantified using
GraphPad Prism 9.

AlphaFold-Multimer and evolutionary and structural analysis
AlphaFold-Multimer (v2.1.0)*° was run locally on a GPU workstation
using default parameters. A custom script (modified from AlphaFold
Colab)wasusedtoextract PAEand pLDDT information from the result-
ing pickle files, and structures were analyzed in PyMol (Schrodinger)
and ChimeraX (UCSF). TRF2, TRF, CtIP and Rad50 protein sequences
were obtained from PSI-BLAST searches of the non-redundant pro-
tein sequences (nr) database against human sequences (https://blast.
ncbi.nlm.nih.gov/). Alignment of the sequences was performed using
MUSCLE in SnapGene and formatted inJalview. The CtIP alignment was
visualized using the NCBIMSA Viewer (v1.22.2) and colored according
to‘conservation.
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Quantification and statistical analysis

Quantification and statistical analysis were performed using Micro-
soft Excel and GraphPad, respectively, over three or more independ-
ent experiments, as indicated. For each CO-FISH analysis, at least
ten metaphases per condition per experiment were scored. For
in-gel analysis of single-stranded telomeric DNA, the normalized
overhang signals were expressed for each cell line independently.
Significance was assessed by calculating the P value using Kruskal-
Wallis one-way ANOVA without Gaussian distribution assumption
(to compare telomere fusions), unpaired ¢-test without Gaussian
distribution assumption (to compare mRNA expression and telomere
overhang signal in a single cell line) and two-way ANOVA without
Gaussian distribution assumption (to compare telomere overhang
signal from more than one cell line). Pvalues < 0.05were considered
statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
article. Source data are provided with this paper. All raw images are
available on FigShare (https://doi.org/10.6084/m9.figshare.23650509)
or from the corresponding authors upon reasonable request. Source
data are provided with this paper.
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(v2.11.2.7), Microsoft Excel (16.74), MUSCLE, NCBI MSA Viewer (v1.22.2), PyMol (v2.5.4), SnapGene (v4.3.11), SoftWoRX, UCSF ChimeraX
(v1.2.5).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated or analyzed during this study are included in this article. Source data are provided with this paper. All other raw images are available from the
corresponding authors upon reasonable request. Protein sequences were retreived from https://blast.ncbi.nlm.nih.gov/

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

No statistical method was used to predetermine sample size. Sample size was determined based on previous similar experiments: n=30-45
metaphases over 3-4 independent experiments for telomere fusions (Lottersberger, F., Karssemeijer, R. A., Dimitrova, N. & de Lange, T. 53BP1
and the LINC Complex Promote Microtubule-Dependent DSB Mobility and DNA Repair. Cell 163, 880-893 (2015)) and n=3-5 independent
experiments for telomere overhang (Wu, P., van Overbeek, M., Rooney, S. & de Lange, T. Apollo contributes to G overhang maintenance and
protects leading-end telomeres. Mol Cell 39, 606—617 (2010)).

No data were excluded from the experiments in the study but metaphases were it was not possible to perform robust scoring (i.e. double CO-
FISH staining, less than 10 chromosomes, all overlapping chromosomes) and nuclei with less than 10 telomere foci. In case of failed
experiment (Cre or shRNA not working properly), all data associated with that specific experiment were not included.

The number of independent experiments performed is indicated in the figure legends. All sample images are representative of at least n=3
independent experiments with similar results, unless indicated.

Randomization was done when possible. Culture dishes seeded at the same time with identical population were randomly chosen for the
subsequent biological perturbation (Cre, shRNA, PARPi, TRF2 alleles). Pictures of metaphases and nuclei for all the cells/treatments were
taken randomly by manual scanning of the slides/coverslips.

Investigators were not blinded during the study. However, all samples were processed in parallel and treated identically for all the
experiments. In most experiments blinded analysis is not applicable since the sample identity is readily apparent to the investigator.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Antibodies

Antibodies used Immuniblot: beta-Actin (#3700; Cell Signal, 1:1000); Chk2 (BD 611570; BD Biosciences, 1:800); DNA-PKcs (SC-1552; Santa Cruz
Biotechnology, 1:200); Ku70 (sc-17789 or sc-1487; Santa Cruz Biotechnology, 1:200); Lig3 (SC-135883; Santa Cruz Biotechnology,
1:1000); Nbs1 (ab175800; Abcam, 1:1000); TRF2 (#13136; Cell Signal, 1:500); gamma-Tubulin (GTU-88; GeneTex, 1:1000); and
secondary anti-Mouse/anti-Rabbit IgG HRP (Cytiva).
Immunofluorescence: gamma-H2AX (JBW301, Millipore; 1:1000) primary antibodies, and secondary anti-mouse AlexaFluor 647
antibody (A32728, Invitrogen),

Validation Antibodies against beta-Actin, Chk2, Lig3, Nbs1, TRF2 and gamma-Tubulin were validated by the suppliers companies for reactivity

against the mouse proteins by Immunoblot. Antibodies against gamma-H2AX were validated by the suppliers companies for reactivity
against the mouse proteins by Immunofluorescence.

Antibodies against DNA-PKcs and Ku70 were validated by the suppliers companies for reactivity against the human proteins. We
validated them for reactivity against the mouse proteins by the Immunoblot in Extended Data Figl on genotyped MEFs.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293T/17 [HEK 293T/17] (CRL-11268) and Phoenix ECO cells (CRL-3214) were obtained by ATCC, Rockville, MD).
MEFs used in this study were generated previously (Dimitrova, N. & de Lange, T. Cell cycle-dependent role of MRN at
dysfunctional telomeres: ATM signaling-dependent induction of nonhomologous end joining (NHEJ) in G1 and resection-
mediated inhibition of NHEJ in G2. Mol Cell Biol 29, 5552-5563 (2009); Lottersberger, F., Karssemeijer, R. A., Dimitrova, N. &
de Lange, T. 53BP1 and the LINC Complex Promote Microtubule-Dependent DSB Mobility and DNA Repair. Cell 163, 880-893
(2015); Wu, P., van Overbeek, M., Rooney, S. & de Lange, T. Apollo contributes to G overhang maintenance and protects
leading-end telomeres. Mol Cell 39, 606—617 (2010)) or for this study by F.L, K.T. or P.W. in T.d.L. laboratory.

Authentication No authentication was performed for 293T and Phoenix ECO cells.
MEFs were genotyped by Transnetyx Inc. using real-time PCR and authenticated when possible by Immunoblots (for DNA-
PKcs, Ku70 and TRF2 deletion).

Mycoplasma contamination All cells tested negative for Mycoplasma contamination

Commonly misidentified lines  no commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Pregnant female mice were used to isolate MEFs from E12.5 embryos.
Species Mus musculus musculus;; Strain mixed C57BL/6 and 129 ; sex female and male; age range 2-10 months.

Wild animals N/A
Reporting on sex N/A
Field-collected samples  N/A

Ethics oversight Mice were housed and cared for under the Rockefeller University AIACUC protocol 22030-H at the Rockefeller University's
Comparative Bioscience Center, which provides animal care according to NIH guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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