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TPP1 blocks an ATR-mediated resection mechanism at
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SUMMARY

The regulation of 5’ end resection at DSBs and telomeres prevents genome instability. DSB
resection is positively and negatively regulated by ATM signaling through CtIP/MRN and 53BP1-
bound Rif1, respectively. Similarly, telomeres lacking TRF2 undergo ATM-controlled CtIP-
dependent hyper-resection when the repression by 53BP1/Rifl is alleviated. However, telomere
resection in absence of 53BP1/Rifl is more extensive upon complete removal of shelterin,
indicating additional protection against resection by shelterin. Here we show that TPP1 and
POT1a/b in shelterin block a resection pathway distinct from that repressed by TRF2. This second
pathway is regulated by ATR signaling, involves Exol and BLM, and is inhibited by 53BP1/Rifl.
Thus, mammalian cells have two distinct 5” end resection pathways that are regulated by DNA
damage signaling, in part through Rifl-mediated inhibition. The data show that telomeres are
protected from hyper-resection through the repression of the ATM and ATR kinases by TRF2 and
TPP1-bound POT1a/b, respectively.
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INTRODUCTION

The mechanism and regulation of DNA 5’ end resection is of interest given its contribution
to high fidelity homology-directed repair (HDR) and the maintenance of a stable genome.
DSB resection requires the ATM DNA damage response (DDR) kinase and its target CtIP,
which promotes an initial resection step by the MRN (Mrel11/Rad50/Nbs1) complex
(reviewed in (Symington and Gautier, 2011)). Further resection is mediated by the Exol
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exonuclease or the DNAZ2 nuclease acting with the BLM and WRN helicase (Sturzenegger
et al., 2014). This processing results in the extended 3’ overhangs required for Rad51-
mediated HDR. Whereas these events closely follow the paradigm for DSB resection
established in budding yeast (Mimitou and Symington, 2008; Zhu et al., 2008), the control
of resection in mammalian cells additionally involves a negative regulator, Rifl, which
associates with 53BP1 at sites of DNA damage (Chapman et al., 2013; Di Virgilio et al.,
2013; Feng et al., 2013; Escribano-Diaz et al., 2013; Zimmermann et al., 2013). In G1, Rifl
promotes non-homologous end joining (NHEJ) by limiting DSB resection through its
interaction with Rev7/MAD2L2 (Xu et al., 2015; Boersma et al., 2015). In S/G2, BRCAl
prevents Rifl from acting at DSBs, allowing the formation of 3’ overhangs and promoting
HDR on sister chromatids (reviewed in (Panier and Boulton, 2014; Panier and Durocher,
2013; Zimmermann and de Lange, 2014)).

At fully functional telomeres, 5’ end resection is an important post-replicative step to
generate the 3’ overhang needed for telomere function. However, excessive 5’ resection is a
threat to genome integrity because it can lead to telomere shortening. The telomere specific
shelterin complex functions to protect chromosome ends from this and other detrimental
outcomes of the DDR (reviewed in (Palm and de Lange, 2008)), ensuring that chromosome
ends do not activate the ATM and ATR signaling pathways and do not succumb to
inappropriate resection and DSB repair. Shelterin is compartmentalized such that its TRF2
component is dedicated to the repression of the ATM kinase whereas the TPP1/POT1
heterodimers (TPP1/POT1a and TPP1/POT1b in the mouse) block the activation of the ATR
kinase.

Telomere hyper-resection is repressed by shelterin as well as by 53BP1/Rif1. In the absence
of Rifl or 53BP1, the removal of the whole shelterin complex through the simultaneous
deletion of TRF1 and TRF2 results in extensive 5’ end resection and shortening of telomeres
(Sfeir et al., 2009; Zimmermann et al., 2013). Previous data showed that the repression of
ATM/CtIP-controlled resection at telomeres depends on TRF2 (Lottersberger et al., 2013).
Here we establish that in addition to TRF2, the TPP1/POT1 heterodimers repress
inappropriate 5’ end resection. The TPP1/POT1-controlled pathway is distinct from that
controlled by TRF2 since it is stimulated by the ATR kinase and appears to be independent
of CtIP. 53BP1-bound Rifl is critical for preventing inappropriate resection by both
pathways.

The role of TRF2 in the control of 5’ end resection at telomeres

To study the regulation of 5” end resection at telomeres, we took advantage of immortalized
TRF1FFTRF2FF53BP1~/~ conditional triple knockout (TKO) mouse embryo fibroblasts
(MEFs), which show extensive hyper-resection after shelterin is removed from telomeres
through the simultaneous deletion of TRF1 and TRF2 (Sfeir and de Lange, 2012). Since
absence of TRF2 alone cannot explain the nucleolytic processing of the dysfunctional
telomeres, we first determined to what extent the removal of TRF1 contributed to hyper-
resection. Expression of exogenous TRF2 in TRF1FFTRF2FF53BP1~/~ TKO cells can
mediate the telomere binding of all expressed shelterin components (Rap1, TIN2, TPP1, and
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POT1a/b), such that the resulting telomeric complexes will only lack TRF1. As expected,
reintroduction of TRF2 protected telomeres from much of the resection, resulting in a
modest 3-5 fold increase in telomeric overhang signal rather than the 20-25 fold increase
observed in TRF1FFTRF2F/F53BP1~/~ TKO cells lacking exogenous TRF2 (Fig. 1A-D).
Thus, consistent with the minor resection previously reported for TRF1 deletion from
53BP1-deficient cells (Sfeir and de Lange, 2012), the absence of TRF1 from the telomeres
leads to a moderate resection phenotype, whereas absence of both TRF1 and TRF2, and thus
the whole shelterin complex, unleashes maximal resection.

Complementation of the TRF1F/FTRF2F/F53BP1~/~ TKO MEFs with TRF2 mutants that
lacked either the Rap1 binding site (TRF2ARap1 (Sfeir et al., 2010)) or the iDDR region
(TRF2AIDDR lacking aa 403-427 (Okamoto et al., 2013)) (Fig. 1A-D; Fig. S1) showed that
these two domains of TRF2 are not required for the repression of resection. In contrast, a
TRF2 mutant lacking the TIN2 binding site (TRF2ATINZ2; (Takai et al., 2011)) was unable
to provide the same repression of resection as wild type TRF2 (Fig. LA-D). In TKO cells
expressing TRF2ATINZ, the telomeres are predicted to contain TRF2 and Rapl but not
TRF1, TIN2, TPP1, and POT1a/b. The TRF2ATIN2 mutant was expressed at the same level
as wild type TRF2, could be detected at telomeres by ChIP (albeit at slightly reduced levels),
and largely restored the protection of telomeres from NHEJ (Fig. SIA-C). Nonetheless, the
TRF2ATIN2 cells showed a 7-10 fold increase in the overhang signals (Fig. 1A-D).

Whereas the resection at telomere lacking all shelterin components showed the expected
contribution of ATM signaling (Fig. 1B and C; Fig. S1D) (Sfeir and de Lange, 2012), the
increase in the overhang signal at telomeres containing the TRF2ATIN2 mutant, examined
in parallel, was not affected by inhibition of ATM (Fig. 1B and C; Fig. S1D). Thus, an
ATM-independent pathway might be involved in the hyper-resection at telomeres containing
only TRF2 and Rap1.

TPP1-bound POT1la/b and TRF2 are the main inhibitors of resection at telomeres

The results obtained with the TRF2 mutants suggested that either TINZ itself or the TIN2-
bound TPP1/POT1 heterodimers (or both) are involved in the repression of resection (Fig.
1D). As TIN2 deletion results in destabilization of the shelterin complex and thus can yield
confounding results (Takai et al., 2011; Frescas and de Lange, 2014), we focused on the
TPP1 and POT1 components of shelterin. We generated SV40LT-immortalized
TPP1F/F53BP1~/~ MEFs, which lose TPP1, POT1a, and POT1b from telomeres upon
expression of Cre but retain the other shelterin components (TRF1, TRF2, TIN2, and Rapl
(Kibe et al., 2010)). Consistent with previous data, metaphase spreads from TPP1-deficient
cells lacked telomere fusions, which often confound the analysis of telomere end resection
(Fig. 2A and B). As expected, the absence of 53BP1 did not affect the induction of a
telomere damage response upon loss of TPP1, as measured based on the appearance of -
H2AX in Telomere dysfunction Induced Foci (TIFs; (Takai et al., 2003)) (Fig. 2C and D).

The removal of TPP1 and concomitant loss both POT1 proteins from the telomeres in
53BP1-deficient MEFs resulted in a 7-10 fold increase in the single-stranded telomeric
DNA signal (Fig. 2E and F), which suggested a level of resection similar to that at telomeres
containing the TRF2ATIN2 mutant and Rapl but lacking all other shelterin proteins (Fig. 1).
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The increase in the single-stranded TTAGGG repeat signal upon deletion of TPP1 from
53BP1-deficient cells was due to 5’ end resection since it was removed by treatment of the
DNA by the E.coli 3" exonuclease Exol (Fig. S2). Deletion of TPP1 from 53BP1-proficient
cells resulted in a more modest increase in the telomeric overhang signal (Fig. 2E and F),
consistent with the requirement for TPP1-tethered POT1b in restricting telomere resection
after DNA replication (Kibe et al., 2010; Wu et al., 2012). Also consistent with prior data
(Wu et al., 2012), the absence of telomerase had a minor effect on the overhang signals after
TPP1 deletion, indicating that most of the increase in sSDNA is due to hyper-resection rather
than 3’ end extension (Fig. S3). Thus, telomeres lacking TPP1 (and POT1a/b) undergo
extensive resection when 53BP1 is absent. Side-by-side comparison showed that removal of
the whole shelterin complex results in more extensive resection than in absence of TPP1,
consistent with the role of TRF2 in blocking resection (Fig. 2G and H). To determine
whether the effect of TPP1 deletion is primarily due to loss of the POT1 proteins, we
identified a mutant of TPP1 that fails to interact with the POT1 proteins while retaining its
TIN2 interaction (TPPLAPOT1; Fig. S4). Although wild type TPP1 repressed the hyper-
resection in TPP1/53BP1 DKO cells, the TPP1APOT1 mutant failed to protect the
telomeres, consistent with resection being controlled by POT1a/b (Fig. S4).

To confirm that the maximal resection in the shelterin-free setting was not due to the
simultaneous absence of TRF1 and TPP1, we generated immortalized
TRF1FFTPP1F/F53BP1~/~ MEFs and control MEFs expressing either TRF1 or TPP1. Co-
deletion of TRF1 and TPP1 is predicted to generate telomeres containing only TRF2, TIN2,
and Rapl. As expected, the resection at the dysfunctional telomeres lacking TRF1 and TPP1
was not significantly increased compared to deletion of TPP1 alone (Fig. 3A-D). This result
is consistent with TRF2, not TRF1, being one of the main repressors of resection at
telomeres. We therefore conclude that resection at telomeres is primarily blocked by TRF2
and the TPP1/POT1 heterodimers.

ATR stimulates telomere hyper-resection in absence of TPP1

Since the ATM Kkinase is not activated at telomeres lacking TPP1 (Kibe et al., 2010) and
inhibition of ATM did not affect the resection in TRF1/2 double knockout (DKO) cells
complemented with TRF2ATIN2 (Fig. 1C), we queried the role of the ATR kinase in this
setting. We generated conditional TPP1F/FATRF/F MEFs and then used CRISPR to remove
53BP1 (Fig. 4A; Fig. SSA-C). As expected, absence of ATR strongly diminished the
formation of y-H2AX foci at telomeres lacking TPP1 (Fig. 4B) but had no significant effect
on cell cycle progression at the time point used (Fig. S5C). Although ATR signaling had not
previously been implicated in promoting resection, the absence of ATR severely diminished
the telomere hyper-resection in cells lacking TPP1 and 53BP1 (Fig. 4C,D). The residual 4-
fold increase in overhang signals at telomeres in the TPP1/ATR/53BP1 TKO cells is
consistent with a deficiency in CST-mediated fill-in after replication of the telomeric DNA.
For instance, in the TPP1/53BP1 KO cell line used here the absence of POT1a/b at
telomeres leads to a 3.5-fold increase in the overhang signal (Fig. S4) and in POT1b KO cell
lines where CST-mediated fill-in is abrogated, the telomeric overhang signals increases 2—4
fold (Wu et al., 2012).

Mol Cell. Author manuscript; available in PMC 2017 January 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kibe et al.

Page 5

The involvement of ATR kinase signaling was corroborated with ShRNA mediated depletion
of TopBP1 and ATRIP, two factors required for the activation of the ATR kinase (reviewed
in (Ciccia and Elledge, 2010)). Both methods showed the expected reduction in y-H2AX
TIFs induced by deletion of TPP1 (Fig. 4) but did not affect the S phase index of the cells
(Fig. S5). Consistent with the involvement of ATR signaling in resection, two ShRNAs to
TopBP1 and one shRNA to ATRIP significantly reduced the resection at telomeres lacking
TPP1 (Fig. 4E-H; Fig. S5). In contrast, ATM inhibition had no effect on the resection at
telomeres lacking TPP1/POT1 (Fig. S51), similar to the result obtained in TRF1/
TRF2/53BP1 TKO cells expressing TRF2ATIN2 (Fig. 1). These results are expected, since
the ATM kinase is not activated at telomeres that retain TRF2.

Contributions of Exol and BLM but not CtIP to resection

To identify the nucleolytic factors involved in the ATR-regulated resection pathway, we
inhibited CtIP and BLM with shRNAs that were previously used to show that resection at
shelterin-free telomeres is mediated by these factors (Sfeir and de Lange, 2012). The data
indicated that knockdown of CtIP had no effect in the TPP1/53BP1 DKO setting whereas
the CtIP shRNA showed the expected effect on resection in TRF1/TRF2/53BP1 TKO cells
treated in parallel (Fig. 5A-C). In contrast, the ShRNA knockdown experiments implicated
both BLM and Exo1l in the ATR-stimulated resection (Fig. 5C—F; Fig. S6). Thus, the ATR-
stimulated resection at telomeres lacking TPP1/POT1 is in part mediated by the Exol
nuclease and the BLM helicase. Neither Exol nor BLM are solely responsible for resection,
which is expected based on the redundancy of these resection pathways. The minor effect of
BLM depletion could be due to the DNA2 nuclease being assisted by both the WRN and
BLM helicases (Sturzenegger et al., 2014). We have not been able to test whether the DNA2
nuclease because its depletion impedes S phase progression in our MEFs.

Rifl inhibits ATM/CtIP-independent resection

As the ATR-stimulated resection pathway has not previously been studied, we asked
whether it is controlled by 53BP1 through its interaction partner Rifl, as is the case for
ATMY/CtIP-dependent resection. To this end, we generated SV40LT-immortalized MEFs
from which TPP1 could be deleted together with Rif1 and compared the level of telomere
resection after TPP1 deletion in the absence of 53BP1, in the absence of Rifl, and in the
absence of both (Fig. 6). The results indicated that the same resection occurred in each of
these settings (Fig. 6C). Thus, Rif1 is the major factor acting downstream of 53BP1 to block
the ATR/BLM/Exo1-promoted resection at telomeres lacking TPP1/POT1 (Fig. 6D).

DISCUSSION

Using telomeres lacking TPP1 and the POT1 proteins, we uncovered a previously unknown
5’ end resection pathway that involves signaling by ATR rather than ATM and does not
require CtIP/MRN. Compared to genome-wide DSBs, telomeres lacking TPP1 provide a
unique opportunity to identify this pathway because two specific circumstances obviate the
need for the nicking step that is thought to create the initial 3’ overhang needed for further 5
resection (Cannavo and Cejka, 2014; Garcia et al., 2011). First, the telomere termini
originating from lagging-strand DNA synthesis are predicted to have a natural 3’ overhang
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due to the removal of the RNA primer for DNA synthesis. Second, at the presumably blunt-
ended telomeres generated by leading-strand DNA synthesis, the TRF2-bound Apollo/
SNMB1 nuclease is thought to mediate an initial 5’ resection step that circumvents the need
for CtIP/MRN mediated cleavage (Wu et al., 2012; Lam et al., 2010; Wu et al., 2010). In
contrast, at most DSBs, the ATM-dependent processing by CtIP/MRN can obscure the role
of ATR in further resection.

A similar architecture for the control of two 5’ end resection pathways

The pathways that can lead to 5’ end resection at deprotected telomeres differ in the primary
processing step (CtIP/MRN versus BLM and Exo1) and the DDR kinase involved (ATM
versus ATR) but have a similar overall architecture (Fig. 7). ATM signaling promotes
resection through CtIP/MRN and inhibits resection through Rifl. Similarly, the regulation of
resection by ATR, as proposed here, includes a negative regulation that is exerted through
Rifl and positive regulation at the level of BLM- and/or Exol-mediated resection. We have
no information on the target of ATR in the positive regulation. In non-replicating Xenopus
extracts, ATR can stimulate DSB resection by DNA2 through phosphorylation of CtIP
(Peterson et al., 2013). However, CtIP appears not to play a role in the ATR-promoted
resection described here. In terms of negative regulation, we consider it likely that ATR
affects Rifl in the same manner as ATM, acting at the level of its recruitment by 53BP1.

Potential roles for ATR-controlled resection

We suspect that the role for ATR in resection discovered at dysfunctional telomeres is
relevant to what happens at S phase DSBs and sites of replication stress. After the initial
ATM-dependent processing by CtIP/MRN, the activation of ATR by the initially short
region of ssDNA could ensure that resection continues in order for HDR to take place. At
sites of replication stress, ATR regulated resection by Exol and DNA2 might also be
advantageous, for instance to prevent fork regression (Zeman and Cimprich, 2014; Hu et al.,
2012; Neelsen and Lopes, 2015). At the same time, the ability of ATR to use 53BP1/Rif1 to
avoid the formation of extensive single-stranded regions could be important to avert
deleterious events, such as inappropriate recombination between repeat elements.
Interestingly, in vitro experiments have shown that the level of ATR signaling depends on
the length of the ssDNA (MacDougall et al., 2007). This feature could provide ATR with an
adjustable output to either stimulate or inhibit of resection depending on the length of the
ssDNA. For instance, if 53BP1/Rif1 are resistant to low levels of ATR activation, resection
might not be blocked until sufficient sSSDNA has been generated.

Consistent with a role for Rifl in the control of resection at sites of replication stress, Rifl
deficient cells are hypersensitive to replication inhibitors, such as aphidicolin and HU, but
not to other DNA damage agents, including as Topll inhibitors, MMC, or IR (Buonomo et
al., 2009). Furthermore, Rif1 loss leads to an increase in chromatid breaks upon treatment
with aphidicolin, further indicating a problem in the management of replication stress
(Buonomo et al., 2009). These phenotypes are unlikely to be related to the role of Rifl in
controlling replication timing (reviewed in (Yamazaki et al., 2013)) but could be explained
if Rif1 is needed to block excessive resection when replication has stalled or when the fork
has collapsed.
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The data also argue that the ability of Rifl to block resection extends beyond G1 to S and/or
G2 phase. In S/G2, BRCAL is thought to ensure that Rifl does not block resection at DSBs
(Escribano-Diaz et al., 2013). Indeed, BRCA1 has been documented to prevent the
accumulation of Rifl at DSBs in S phase but not in G1. Yet, Rifl can be observed at sites of
replication stress (Buonomo et al., 2009), indicating that BRCAL1 is incapable of (fully)
repressing Rifl in this setting. Furthermore, the 53BP1/Rif1-controlled resection at
telomeres lacking TRF2 takes places after telomeric DNA replication but before mitosis,
suggesting that Rifl can act in S/G2 (Zimmermann et al., 2013; Lottersberger et al., 2013).
Thus, the interplay between BRCAL and Rifl at DSBs, dysfunctional telomeres, and sites of
replication stress in S/G2 merits further attention.

The inhibition of Exol and BLM-mediated resection by 53BP1/Rif1 is reminiscent of the
role of Saccharomyces cerevisiae Rad9 checkpoint protein at DSBs. Rad9 is phosphorylated
by the ATR ortholog Mec1 and is often referred to as a 53BP1 ortholog, although 53BP1 is
dispensable for checkpoint signaling. Nonetheless, like 53BP1, Rad9 limits resection
through a mechanism that involves Sgs1 (the only BLM/WRN-like helicase in yeast) and
Exol (Lydall and Weinert, 1995; Lazzaro et al., 2008; Ngo et al., 2014; Bonetti et al., 2015;
Clerici et al., 2014). However, the inhibition of resection by Rad9 does not involve Rifl.
Instead, Rifl has been reported to promote resection (Martina et al., 2014). Thus, the control
of resection by Mecl and Rad9 may differ considerably from that by ATR and 53BP1/RifL.

How shelterin guards against telomere hyper-resection

Resection is carefully controlled at telomeres. After DNA replication, regulated resection
and fill-in, both governed by shelterin, regenerates the unique 3’ overhang structure of
telomeres (reviewed in (Doksani and de Lange, 2014)). However, in fungi and in mammals,
telomeres have evolved mechanisms to prevent inappropriate resection and the
accompanying loss of telomeric DNA. A major player in fungi is the CST complex that is
thought to counteract resection by mediating polymerase a/primase fill in (reviewed in
(Price et al., 2010)). In mammals, shelterin provides the first line of defense against
resection with TRF2 dedicated to blocking ATM/CtIP-dependent resection and TPP1/POT1
assigned to the ATR-stimulated pathway. In both cases, the resection pathways are likely to
be primarily blocked at the level of DNA damage signaling (Fig. 7). TRF2 has long been
known to block MRN-activated ATM signaling and recent data indicate that it acts through
its ability to alter telomere structure into the t-loop configuration which has been proposed
to block the MRN complex from accessing the telomere end (Doksani et al., 2013). Apart
from repressing ATM kinase signaling, the t-loop structure itself may also be protective
against resection (Doksani and de Lange, 2014). On the other hand, TPP1-tethered POT1a
(and to lesser extent POT1h) are known to prevent ATR kinase activation through excluding
RPA from the ss telomeric DNA (Denchi and de Lange, 2007; Gong and de Lange, 2010;
Takai et al., 2011; Kibe et al., 2010; Flynn et al., 2011). We propose that TPP1/POT1-
dependent repression of resection is important at telomeres regardless of their DNA
configuration. Given the similarities of the presumed structures at the base of the t-loop and
at a stalled replication forks, telomeres are likely to be threatened by the ATR-stimulated
resection pathway identified here, even when in they are in the t-loop configuration.
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EXPERIMENTAL PROCEDURES

Cell culture, retroviral infections, and inhibitors

TPP1F/F SV40-LT, TRF1FFTRF2FF53BP1/~p53~/~ Cre-ERT2 mouse embryonic
fibroblasts (MEFs) have been described previously (Kibe et al., 2010; Sfeir and de Lange,
2012). TPP1F/F53BP17/~ Cre-ERT2, TPP1F/FMTR-, TPPIFFATRFF, TPP1FFTRF1F/,
TPP1FFTRF1F/*53BP1~/-, TPPIF/FTRF1FF53BP1~/~, TPP1F+TRF1FFTRF2F/*53BP17/-,
TPP1FFRif1F/*, TPP1F/FRIifIF/F, TPP1F/FRIf1F/F53BP1~/~ MEFs were obtained by standard
mouse crosses. Primary MEFs isolated from E12.5 or E13.5 embryos were cultured in
DMEM (Cellgro) with 0.1 mM B-mercaptoethanol (Sigma-Aldrich), 1 mM sodium-pyruvate
(Sigma-Aldrich), 100 U/ml penicillin (GIBCO), 0.1 pg/ml streptomycin (GIBCO), 0.2 mM
L-glutamine (GIBCO), 0.1 mM non-essential amino acids (GIBCO), and 15% fetal bovine
serum (FBS) (GIBCO). Genotyping was carried out by Transnetyx Inc. MEFs were
immortalized at passage 2 using infection with pBabe-SV40-LT (a gift from Greg Hannon)
and maintained in the same media without 3-mercaptoethanol, and sodium-pyruvate as
described (Celli et al., 2006). Cre recombinase was introduced by two retroviral infections
with Hit and Run-Cre in pMMP at 12 h interval (Celli et al., 2006; Sfeir and de Lange,
2012). To delete TPP1 gene in TPP1F/F53BP1~/~ Cre-ERT2 SV40-LT MEFs, Hit and Run-
Cre was induced because Cre-ERT2 did not induce properly in the cell line. For the Cre-
ERT2 system, Cre was induced with 0.5 pM 4-OH tamoxifen (4-OHT, Sigma-Aldrich) for 6
h; cells were washed with PBS twice and the media was exchanged to fresh media without
4-OHT. t=0 was set at 12 h after first the infection or at the time of addition of media
without 4-OHT. TRF2 wt, TRF2 mutants, TPP1 wt, and TPP1APOT1 (deletion of aa 181—
195) in pLPC-N-Myc were expressed by three infections at 12 h intervals. Retroviral
shRNAs (Denchi and de Lange, 2007; Sfeir and de Lange, 2012) and Luciferase shRNA in
pSuper as a control were introduced with five infections (three infections at 4 h intervals
followed by the fourth and last infection at 12 h intervals). For TopBP1 knockdown,
lentiviruses derived from pLKO.1 vector were introduced by two infections for 4 h each
(Gong and de Lange, 2010). Lentiviral ATRIP shRNA and (TRCN000012418, Sigma-
Aldrich) and Exol shRNAs (sh1: TRCN0000238466, sh4: TRCN0000218614, Sigma-
Aldrich) were introduced by two infections for 6 h each. The retroviral infected MEF cells
were selected in media with puromycin for 2-3 days. ATM was inhibited with 2.5 uM
KU55933 for 108 h. DMSO was used as the negative control.

CRISPR/Cas9-mediated 53BP1 knockout

The guide sequence was determined by ZiFit (http://zifit.partners.org): sg53BP1-3, 5°-
GCATCTGCAGATTAGGA-(PAM)-3’. Oligonucleotides were obtained from Sigma-
Aldrich and introduced into an Aflll-digested gRNA cloning vector (Addgene) by Gibson
Assembly (New England Biolabs). The gRNA and hCas9 expression vectors were induced
by electroporation using MEF 2 Nucleofector Kit (Lonza). Single cell clones isolated with
limiting dilution were screened by immunoblotting. T7 endonucleasel (T7E1) assay and
DNA sequencing were performed to verify the gene modification. PCR product was
amplified by nested PCR with following primers (fw for 15t PCR:
GGGAGCAGATGGACC, rev for 1t PCR: GTACCCAAATGAGAAGACTCC, fw for 21
PCR: GTCAATTGGATTCAGATTTCTCT, rev for 24 PCR:
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CACAGAAGACATTTGCCATCA). For T7E1 assays, re-annealed PCR product was
digested with T7 Endonuclease 1 (New England Biolabs) for 20 min at 37°C and then
analyzed on 2.5% agarose/0.5x TAE. GenScript USA Inc carried out DNA sequencing of
sub-cloned PCR product.

Immunoblotting

Immunoblotting was performed as described previously (Celli et al., 2006; Kibe et al.,
2010). The following primary antibodies were used: TRF1 (1449, de Lange lab); TRF2
(1254 or 1255, de Lange lab); Rifl (1240, de Lange lab); TPP1 (ab104297, Abcam); 53BP1
(NB100-305, Novus Biological); ATR (N-19, Santa Cruz); CtIP (H-300, Santa Cruz); Exol
(A302-640A, Bethyl Laboratories, Inc.); BLM (ab2179, Abcam); TopBP1 (ab2402,
Abcam); mTOR (#2972, Cell Signaling Technology); y-tubulin (GTU-88, Sigma-Aldrich);
FLAG (M2, Sigma-Aldrich). The chemiluminescent signals were detected using ECL
Western Blotting Detection Reagents (GE healthcare) and BioMax MR film or XAR film
(Kodak) according to the manufacturer’s protocol.

Telomere overhang assay

IF-FISH

Telomere overhangs were analyzed as described (Celli et al., 2006). To verify whether
single-stranded telomeric DNA detected in native gels were derived from overhangs at
telomere ends, DNA in plugs were treated with E.coli Exonuclease | in vitro prior to the
digestion with Mbol. After five washes with TE (10 mM Tris-HCI pH 7.5, 1 mM EDTA),
DNA in plugs were washed with water for 1 h, equilibrated with Exol buffer (67 mM
glycine-NaOH, pH 9.5, 6.7 mM MgCl,, 10 mM B-mercaptoethanol) twice for 3 h each, and
incubated with 1,000 U E.coli Exol (NEB) overnight at 37°C. Overhang signals were
obtained by hybridizing a labeled C-strand oligo to native DNA in gel. Overhang signals
were normalized to the total telomeric DNA signals in the same lane after re-hybridization
of the telomeric oligo to DNA that was denatured in situ. Normalized overhang signals were
compared between samples to determine changes in the telomere resection. For each
condition at least three biological replicates (e.g. independent Cre medited deletion
experiments) were analyzed.

IF-FISH was performed as described previously (Dimitrova and de Lange, 2006). Images
were captured with a Zeiss Axioplan Il or Zeiss Axioimager microscope using a Hamamatsu
C4742-95 camera and Improvision OpenLab or Volocity software.

Chromosome Orientation (CO)-FISH and ChIP (Chromatin IP) assay

Metaphase spreads were formed on glass slides in the Cytogenic Drying Chamber
(Thermotron) (20°C, 50% humidity) and processed for CO-FISH as described (Celli et al.,
2006). The ChlIP assay was performed as previously described (Loayza and de Lange,
2003). Telomeric DNA bound with TRF2 was immunoprecipitated with anti-mTRF2 (1254)
and Protein G magnetic beads (#9006, Cell Signaling).

Mol Cell. Author manuscript; available in PMC 2017 January 21.
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FACS analysis

Cell cycle profile was analyzed as previously described (Takai et al., 2007). Briefly, cells
were labeled for 2 h with 10 uM BrdU and fixed with cold 70% ethanol. BrdU incorporated
DNA were denatured with 2N HCI and 0.5% TritonX-100 for 30 min at room temperature.
After neutralizing with 0.1 M NayB40[H20]10, pH 8.5, cells were incubated with FITC-
conjugated anti-BrdU antibody (BD Biosciences) in PBS with 0.5% Tween 20 and 0.5%
BSA for 30 min at room temperature. The cells were re-suspended with 5 pg/ml propidium
iodide, 0.5% BSA, 0.2 mg/ml RNase A in PBS prior to analysis with an AccuriC6 (BD
Biosciences). Data were analyzed by FlowJo software.

Statistics analysis

Data were shown as means + standard deviations unless otherwise indicated. Graphs were
obtained from GraphPad Prism6 or MS Excel and re-generated using Adobe Illustrator.
Two-tailed Student’s t test was performed with GraphPad Prism6. *, p < 0.05 **, p < 0.01
*** p<0.001
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domains in TRF2 required for the repression of telomere hyper-resection
(A) In-gel overhang assay to monitor 5” end resection at telomeres in TRF1F/FTRF2F/F

53BP1~/~p53~/~ Cre-ERT2 MEFs expressing the indicated TRF2 mutants or wild type TRF2
analyzed at 96 h after 4-hydroxytamoxifen (4-OHT) induction of Cre. Dashed lines indicate
the quantified area.

(B) In-gel overhang assay to monitor the effect of ATM inhibition on telomere hyper-
resection in TRF1FFTRF2F/F53BP1~/~p53~/~ Cre-ERT2 MEFs expressing wild type TRF2
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or TRF2ATIN2. Cells were analyzed at 96 h after 4-OHT. 2.5 pM KU55933 was added 12
hr before 4-OHT.

(C) Quantification of the relative normalized overhang signals in the indicated cells before
and after Cre. Cells and treatments as in (A) and (B). *, P < 0.05 **, P < 0.01 *** P < 0.001
(two-tailed Student’s t test). Bars represent means of 3—4 independent experiments +SDs.
For each condition, the relative normalized overhang signal without Cre treatment was set to
1.0 and the +Cre value was expressed relative to this reference.

(D) Schematic representation of the shelterin proteins present at telomeres under the
conditions examined in (A—C) and the extent of resection in each condition. See also Figure
S1.
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Figure 2. Loss of TPP1/POT1 leads to telomere hyper-resection

(A-D) Characterization of telomeric phenotypes induced by Cre in SV40 large T

immortalized TPP1FF53BP1/~ MEFs at 96 h.
(A) Metaphase spread with telomeres detected with CO-FISH (green, TelC probe for G-rich
lagging-strand template; red, TelG probe for the C-rich leading-strand template). DNA was

stained with DAPI (blue).
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(B) Quantification of telomere aberrations in TPP1/53BP1 DKO cells analyzed as in (A).
Sister telomere associations were scored only at the long arm telomeres. Values are averages
from three independent experiments.

(C) Induction of Telomere dysfunction-Induced Foci (TIF) upon deletion of TPP1 from
53BP1 knockout (KO) cells. y-H2AX was detected by indirect immunofluorescence (IF)
(red) in combination with FISH for telomeres (green).

(D) Quantification of y-H2AX TIFs detected as in (C). Cells with =10 telomeric y-H2AX
foci were scored. Bars show means of =3 experiments = SDs (>100 cells per experiment).
(E) In-gel overhang assay to detect resection at telomeres in TPP1F/F53BP1*/* and
TPP1F/F53BP1~/~ MEFs at 96 h after Cre.

(F) Quantification of changes in 3’ overhang signals at telomeres of the indicated cells
analyzed as in (E). Area between dashed lines was quantified and compared among lanes in
the same gel. Bars represent means of four independent experiments and SDs. Values from
the each cell line without Cre treatment were set at 1.0. ***, P < 0.001 (two-tailed Student’s
t test).

(G and H) Comparison of 5’ end resection in TPP1/53BP1 DKO and TRF1/TRF2/53BP1
triple knockout cells. Cells were analyzed in parallel at indicated time points after infection
with Hit & Run Cre. Bars show means of three independent experiments and SDs. Values
for each cell line without Cre at 96 h were set to 1.0. *, P < 0.05 (two-tailed Student’s t test).
See also Figures S2, S3, and S4.
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Figure 3. Deletion of TRF1 does not exacerbate the resection in absence of TPP1
(A) Immunblot verifying the deletion of TRF1 from the indicated cells.

(B) In-gel overhang assay showing that co-deletion of TRF1 and TPP1 from 53BP1-
deficient cells does not exacerbate the resection phenotype. The first three MEF lines were
isolated from littermates. The fourth (control) MEF line (TPP1F*TRF1F/F53BP1~/-) carries
one copy of the TRF2 floxed allele (TRF2F/*). As TRF2 is not haploinsufficient the
presence of the floxed allele is unlikely to affect the results. Cells were analyzed at 96 h

after the second Cre infection.
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(C) Quantification of overhang signals of the indicated cells analyzed as in (B). Bars show
means of three independent experiments with SDs. Values from the each cell line without
Cre treatment set at 1.0 and the plus Cre value was expressed relative to this reference. P
value from two-tailed Student’s t test.

(D) Schematic summarizing the similar resection at telomeres lacking TPP1/POT1 but
retaining TRF2 and various other shelterin components.
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Figure 4. Resection at telomeres lacking TPP1 is stimulated by ATR
(A) Verification of ATR and 53BP1 deletion in TPP1F/F53BP1~/~ cells and clones derived

from TPP1FFATRF/F MEFs at 96 h after Cre. mTOR is used as loading control. Asterisk:

non-specific band.

(B, E, and G) Quantifications of cells with =10 y-H2AX foci at telomeres in the indicated
cell lines at 96 h after Cre treatment. Bars in (B, and G) show means and SEMs of two
independent experiments (>100 cells per experiment). Bars in (E) show means and SDs
from three independent experiments. ***, P < 0.001 (two-tailed Student’s t test).
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(C) In-gel overhang assay on the TPP1/53BP1 DKO, TPP1/ATR DKO, TPP1/ATR/53BP1
TKO cells at 96 h after Cre treatment.

(D) Quantification of overhang signals analyzed as in (C). Bars represent means of two
independent experiments + SEMs.

(F, and H) Quantification of in-gel overhang assays (Fig. S5E, G) on TPP1F/F53BP17/~
MEFs treated with TopBP1, and ATRIP shRNAs at 96 h after Cre treatment. Bars in (F)
show means of three independent experiments and SDs. *, P < 0.05 (two-tailed Student’s t
test). Bars in (H) show means of two independent experiments and SEMs. See also Figure
S5.
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Figure 5. Exol and BLM, but not CtIP-dependent resection in TPP1/53BP1 DKO
(A) Immunoblotting showing equal knockdown of CtIP in TPP1F/F53BP1~/~ and

TRF1FFTRF2FIF53BP17/-p53~/~ MEFs treated with Cre. Cells were analyzed at 96 h after
the second Cre infection. Asterisk: non-specific band.

(B) In-gel overhang assay of shCtIP treated TPP1/53BP1 DKO and TRF1/TRF2/53BP1
TKO cells as in (A). For each cell line, the relative normalized overhang signal obtained
from Luciferase sh treated cells without Cre were set as 1.0 and the other values were
expressed relative to this reference.
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(C) Quantification of the overhang signals as in (B). Bars show means + SDs from =3
independent experiments. *, P < 0.05 (two-tailed Student’s t test).

(D) Immunoblot for Exol knockdown in the TPP1/53BP1 DKO cells at 96 h after Cre
treatment. Asterisk: non-specific band.

(E) In-gel overhang assays on indicated MEFs (as in (D)) at 96 h after Cre infection.

(F) Quantification of the overhang signals as in (E). Graph shows means + SEMs from two
independent experiments. **, P < 0.01 from two-tailed Student’s t test on the combined
results of the two Exol shRNAs. See also Figure S6.

Mol Cell. Author manuscript; available in PMC 2017 January 21.



1duosnuey Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kibe et al.

Page 24

A TPP1FIF TPP1F/F53BP1--
Rif1F/+ Rif1F/F *Rif1+/+ Rif1F/F
Cre - + - + - + - +
Rif1 s o o - ——
53BP 1. 4 a
V-EUD e e s s s s S
B TPP1FFF TPP1F/F53BP1--
Rif1F/+ Rif1F/F *Rif1+/+ Rif1F/F
Cre - + - + - + - +
MW = -
o -
194, z
145 =
@
97- )
&
3
&
485 1 &
9
23.1- TN ; 2
9.4 V
194 7
145" 2
c
97- g
g
28
485 3
>
(@)
23.1- @
A2
=}
9.4~
C

%re -+ -+ -+ -+
RifF/+ Rif1FF *Rif1++ Rif1FIF
TPP1FF  TPP1FF53BP1--

relative normalized overhang signal
S
1

Figure 6. Rifl is the main factor that mediates inhibition of resection by 53BP1
(A) Immunoblotting showing loss of Rifl and 53BP1 from the indicated Cre-treated MEFs.

Cells were analyzed at 96 h after Cre infection. The asterisk indicates MEFs that are
heterozygous for the floxed allele of TRF1 in addition to the indicated genotype.

(B) In-gel overhang assay on indicated MEFs (as in (A)) at 96 h after Cre infection.

(C) Quantification of the overhang signals from three independent experiments as in (B).
Bars show means + SDs. *, P < 0.05 (two-tailed Student’s t test).
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Figure 7. Two distinct resection pathways are repressed at telomeres
Schematic depicting the repression of two independent resection pathways by distinct

shelterin proteins and the regulatory role of the DDR kinases and 53BP1/Rifl. The ATM-
regulated resection involves CtIP/MRN and is inhibited by 53BP1/Rifl. Similarly, ATR
regulated resection involves positive regulation through Exol and/or BLM and is inhibited
through 53BP1/Rifl. 53BP1 and Rifl are epistatic in both pathways. At telomeres, shelterin
can prevent hyper-resection through repression of the DDR kinases. ATM is repressed by
TRF2, most likely through the formation of the t-loop structure (not shown). ATR is blocked
by POT1a (and to a lesser extent POT1b), which are tethered to TRF1 and TRF2 by TPP1
and TIN2. POT1 proteins are thought to prevent ATR activation by excluding RPA from the
single-stranded telomeric DNA.
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