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TRF1 facilitates the replication of telomeric DNA in part by recruiting the BLM helicase, which can resolve
G-quadruplexes on the lagging-strand template. Lagging-strand telomeres lacking TRF1 or BLM form fragile telo-
meres—structures that resemble common fragile sites (CFSs)—but how they are formed is not known. We report
that analogous to CFSs, fragile telomeres in BLM-deficient cells involved double-strand break (DSB) formation, in
this case by the SLX4/SLX1 nuclease. The DSBs were repaired by POLD3/POLD4-dependent break-induced repli-
cation (BIR), resulting in fragile telomeres containing conservatively replicated DNA. BIR also promoted fragile
telomere formation in cells with FokI-induced telomeric DSBs and in alternative lengthening of telomeres (ALT)
cells, which have spontaneous telomeric damage. BIR of telomeric DSBs competed with PARP1-, LIG3-, and XPF-
dependent alternative nonhomologous end joining (alt-NHEJ), which did not generate fragile telomeres. Collec-
tively, these findings indicate that fragile telomeres can arise from BIR-mediated repair of telomeric DSBs.
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Mammalian telomeres are composed of long arrays of du-
plex TTAGGG repeats that end in a 3′ overhang. Telo-
meric DNA is bound by the shelterin complex, which
protects the chromosome ends from DNA damage re-
sponse and double-strand break (DSB) repair pathways
(de Lange 2018). In addition, shelterin promotes the semi-
conservative replication of telomeric DNA. Deletion of
the TRF1 subunit of shelterin causes fork stalling in the
telomeric DNA, as shown byDNA combing experiments,
and results in S-phase-dependent activation of ATR sig-
naling (Sfeir et al. 2009). A prominent phenotype of
TRF1 loss is the formation of fragile telomeres, which
are detected in metaphase as multiple and/or highly ex-
tended telomeric fluorescence in situ hybridization
(FISH) signals at individual chromatid ends (Martinez
et al. 2009; Sfeir et al. 2009). Since fragile telomeres also
occurwhen cells are treatedwith theDNApolymerase in-
hibitor aphidicolin, they are thought to reflect telomeric
replication stress (Sfeir et al. 2009). In addition to TRF1,
several other factors (e.g., the BLM and RTEL1 helicases
and AKTIP) are implicated in repressing fragile telomere
formation (Sfeir et al. 2009; Vannier et al. 2012; Zimmer-
mann et al. 2014; Burla et al. 2015).

TRF1 facilitates telomere replication, at least in part, by
recruiting BLM (Sfeir et al. 2009; Zimmermann et al.
2014). BLM localizes to telomeres in late S/G2 and its

role in promoting telomere replication requires its
recruitment by TRF1 (Barefield and Karlseder 2012; Zim-
mermann et al. 2014). Because BLMcan resolveG-quadru-
plex (G4) structures in vitro (Sun et al. 1998; Mohaghegh
et al. 2001; Huber et al. 2002), it was proposed that BLM
might promote telomere replicationby removing these ob-
stacles from the lagging-strand ([TTAGGG]n) telomeric
template. Consistentwith this hypothesis, BLMdepletion
induces a fragile telomere phenotype predominantly at
lagging-strand telomeres and increases telomeric G4 sig-
nals (Zimmermann et al. 2014). However, unlike loss of
TRF1, deletion of BLM does not induce ATR signaling at
telomeres, and does not create fragile leading strand telo-
meres or formationof sister telomereassociations, indicat-
ing that other aspects of TRF1 contribute to its replication
function (Martinez et al. 2009; Sfeir et al. 2009; Zimmer-
mann et al. 2014). It remains to be determined how persis-
tent G4 structures affect lagging-strand telomeric DNA
replication and exacerbate telomere fragility.

The term “fragile telomere” was first coined because
the interrupted telomeric FISH signals resemble common
fragile sites (CFSs), which appear as gaps or breaks in
metaphase chromosomes of aphidicolin-treated cells
(Durkin andGlover 2007; Sfeir et al. 2009). CFS expression
is thought to involve cleavage of stalled replication forks
by MUS81/EME1, followed by mitotic DNA synthesis
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(MiDAS) (Minocherhomji et al. 2015). MiDAS is a form of
break-induced replication (BIR), which is a homology-di-
rected repair pathway that can heal one-ended DNA
breaks using a homologous template. BIR requires the
POLD3 and POLD4 subunits of Polδ and can be mediated
by either RAD51 or RAD52 (Anand et al. 2013). Both Mi-
DASand other forms of BIRhave been documented at telo-
meres (Dilley et al. 2016; Roumelioti et al. 2016;Min et al.
2017; Özer et al. 2018; Lu et al. 2019), but the role of BIR in
fragile telomere formation remains to be determined.
Here, we aimed to understand the molecular mecha-

nism underlying fragile telomere formation in cells lack-
ing BLM. We found that fragile telomeres in BLM-
deficient cells appeared to be independent of MUS81/
EME1 and did not involve factors involved in replication
fork reversal. Instead, the induction of fragile telomeres
required the structure-specific endonuclease SLX1 and
its associated SLX4 scaffold, which generated transient
DSBs at telomeres. Importantly, fragile telomere forma-
tion involved the Polδ subunits POLD3 and POLD4—
two key components of the BIR machinery—and both
strands of the fragile telomeres were newly replicated,
consistent with the conservative replication mode of
BIR. Cells with induced telomeric DSBs showed BIR-de-
pendent fragile telomeres, as did ALT cells, which have
spontaneous telomeric damage. BIR-dependent repair of
telomeric DSBs was in competition with alternative non-
homologous end joining (alt-NHEJ), resulting in fewer
fragile telomeres when alt-NHEJ was active. Together,
the data implicate both DSB formation and BIR in fragile
telomere formation.

Results

Depletion of fork remodelers does not affect fragile
telomeres in BLM-deficient cells

We previously speculated that persistent G4 structures
could induce fork stalling in telomeres lacking BLM (Zim-
mermann et al. 2014). Since reversal of stalled forks at
telomeres has been implicated in the fragile telomere phe-
notype of RTEL1-deficient cells (Margalef et al. 2018), we
tested whether the fragile telomere phenotype in BLM-de-
ficient cells involves fork reversal. We used SV40-immor-
talized conditional BlmF/F mouse embryonic fibroblasts
(MEFs), which showed the expected loss of BLM protein
and formation of fragile telomeres at 96 h after infection
with Hit&Run Cre retrovirus (Fig. 1A,B). In this setting,
short-hairpin RNAs (shRNAs) were used to deplete
ZRANB3, SMARCAL1, or HLTF, each of which is re-
quired for fork remodeling (Bansbach et al. 2009; Ciccia
et al. 2009, 2012; Weston et al. 2012; Yuan et al. 2012;
Kile et al. 2015; Cortez 2019; Rickman and Smogorzewska
2019). Despite efficient depletion of the fork remodelers
(Fig. 1C), the frequency of fragile telomeres was un-
changed (Fig. 1D). Although this negative result does not
exclude replication fork arrest/reversal in response to per-
sistent G4 structures, it is consistent with the finding that
a block in lagging-strand replication does not result in fork
arrest in vitro (Taylor and Yeeles 2018). Rather, repriming

by Polα/Primase allows forks to progress, creating unrepli-
cated gaps on the lagging-strand product (Taylor and
Yeeles 2018). Together, these findings raised the possibil-
ity that BLM loss results in telomeres harboring unrepli-
cated ss gaps rather than stalled forks.

SLX4 and SLX1 promote fragile telomere formation

Because fragile telomeres resemble CFSs, we asked
whether their formation involved the MUS81/EME1 nu-
clease, which is implicated in CFS expression (Minocher-
homji et al. 2015). Three independent single guide RNAs
(sgRNAs) were used in CRISPR/Cas9 targeting of Mus81
in pools of BlmF/F MEFs (Supplemental Fig. S1A,B). De-
spite substantial reduction of MUS81 protein levels (Sup-
plemental Fig. S1A), indicating successful CRISPR/Cas9
targeting in a majority of the cells, depletion of MUS81
had no discernible effect on the fragile telomere pheno-
type induced by Blm deletion (Supplemental Fig. S1B).
In contrast, three independent sgRNAs targeting Slx4

significantly diminished the fragile telomere phenotype
associated with Blm deletion, even though the targeting
was inefficient with as much as 30% of SLX4 mRNA re-
maining (Fig. 1E). The phenotype was rescued by the ex-
pression of an sgRNA resistant version of Slx4 (see Fig.
1H,I, discussed below). SLX4 is a scaffold protein that in-
teracts with three nucleases: MUS81/EME1, XPF/
ERCC1, and SLX1 (Wyatt and West 2014). As MUS81
did not appear to be amajor contributor to the fragile telo-
mere phenotype, we tested XPF and SLX1. Unexpectedly,
each of three independent sgRNAs to Xpf increased the
frequency of fragile telomeres in BLM-deficient cells but
not in BLM-proficient cells (Supplemental Fig. S1C).
How XPF depletion exacerbates the fragile telomere phe-
notype in BLM-deficient cells is addressed below (see
Fig. 6, below). In contrast to XPF and MUS81, CRISPR/
Cas9 targeting of Slx1with three different sgRNAs signif-
icantly decreased the frequency of fragile telomeres in
BLM-deficient cells (Fig. 1F,G) and this phenotypewas res-
cued by an sgRNA resistant version of Slx1 (Supplemental
Fig. S1D,E). SLX4 depletion also reduced the expression
level of SLX1 (Fig. 1H) and depletion of both SLX1 and
SLX4 did not further lower the frequency of telomere fra-
gility, suggesting that SLX1 functions with SLX4 (Supple-
mental Fig. S1F,G). Consistent with the involvement
of SLX1 and SLX4 in the formation of fragile telomeres,
a version of SLX4 that does not interact with SLX1
(SLX4ΔSLX1) (Kim et al. 2013) did not rescue targeting
of the endogenous SLX4 (Fig. 1H,I). The finding that
SLX4ΔSLX1 does not restore SLX1 levels in SLX4-deplet-
ed cells is consistent with the loss of the SLX1 interaction
(Fig. 1H). In contrast to SLX4ΔSLX1, an SLX4mutant that
lacked the ability to bind MUS81 (SLX4ΔMUS81 [Kim
et al. 2013])—expressed at the same level as SLX4ΔSLX1
—promoted fragile telomere formation to the same level
as wild-type SLX4 (Fig. 1H,I). These data indicate that
SLX4-bound SLX1 promotes fragile telomere formation.
The involvement of SLX4/SLX1 in the formation of

fragile telomeres documented above predicts that DSBs
are formed in telomeres that are replicating in the absence
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of BLM.We thereforemonitored the appearance of γH2AX
at telomeres using TRF1 and γH2AX antibodies in a prox-
imity ligation assay (PLA). Initial control experiments in-
dicated that the formation of PLA foci was dependent on
the presence of both antibodies and increased upon dele-
tion of BLM (Supplemental Fig. S1H). In four independent
experiments (Fig. 1J,K), deletion of Blm led to an increase
of the PLA foci and these telomere damage foci were di-

minished by depletion of SLX4 and SLX1, consistent
with SLX4/SLX1-mediated DSB formation. Similarly, a
PLA assay for colocalization of 53BP1 with FLAG-tagged
TRF1 showed the presence of DNA damage foci at telo-
meres in Blm-deficient cells and the formation of these
foci was again dependent on SLX4/SLX1 (Fig. 1L,M).
These data suggest that SLX4/SLX1 create DSBs at telo-
meres lacking BLM.
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C Figure 1. SLX1/SLX4 contribute to fragile
telomere formation in Blm-deficient cells.
(A) Western blot analysis of BLM in BlmF/F

MEFs±Cre (96 h). γ-Tubulin serves as the
loading control. (B) Telomere FISH on meta-
phase spreads of BlmF/F MEFs±Cre (96 h)
with Cy3-[CCCTAA]3 probes (green) and
DAPI staining (red). Fragile telomeres are
marked by an asterisk. (C ) Knockdown of
ZRANB3, SMARCAL1, and HTLF with
shRNAs (6d) inBlmF/FMEFsverifiedbyWest-
ern blotting. Cells infected with an shRNA
targeting Luciferase (shLuc) were used as the
control. γ-Tubulin serves as the loading con-
trol and an asterisk marks a nonspecific band
detected by the HLTF antibody. (D) Quantifi-
cation of fragile telomeres detected by FISH
(q arms only) in BlmF/F MEFs±Cre (96 h)
with shRNAs targeting Luc, ZRANB3,
SMARCAL1, or HTLF as described in C. (E)
Quantification of q arm fragile telomeres de-
tected by FISH in BlmF/FMEFs±Cre (96 h) af-
ter CRISPR/Cas9 targeting of Slx4with three
different sgRNAs. Control cells were infected
with an sgRNA targeting Luciferase (sgLuc).
The relative level of SLX4mRNAnormalized
to GAPDH was determined by RT-qPCR and
compared with the sgLuc sample (set to 100).
(F ) Western blot analysis of SLX1 after
CRISPR/Cas9 targeting of Slx1with three dif-
ferent sgRNAs. γ-Tubulin serves as the load-
ing control. (G) Quantification of q arm
fragile telomeres detected by FISH in BlmF/F

MEFs±Cre (96 h) after CRISPR/Cas9 target-
ing of Slx1 with three different sgRNAs as in
F. (H) Western blot analysis of the expression
of FLAG-SLX4 and various mutants in BlmF/

FMEFswith γ-Tubulin as the loading control.
(I ) Quantification of q arm fragile telomeres
detected by FISH in BlmF/F MEFs+Cre (96 h)
expressing empty vector (−), sgRNA-resistant
WT FLAG-SLX4 or various mutants with
CRISPR/Cas9 targeting of Luc or Slx4.
(J) PLA foci (red) of TRF1 and γH2AXdetected
in BlmF/F MEFs±Cre (96 h). (K ) Quantifica-
tion of PLA foci as in J in BlmF/F MEFs±Cre
(96 h) with CRISPR/Cas9 targeting of Luc,
Slx4, orSlx1.Dataaremeans±SDof four inde-
pendent experiments of >100 nuclei each.
P-values were from paired two-tailed t-tests.
(∗) P≤0.05. (L) PLA foci (red) of FLAG-TRF1

and 53BP1 detected in BlmF/F MEFs±Cre (96 h). (M ) Quantification of FLAG-TRF1/53BP1 PLA foci in BlmF/F MEFs±Cre (96 h) with
CRISPR/Cas9 targeting of Luc, Slx4, or Slx1. Data aremeans±SD of three independent experiments of >100 nuclei each. For the fragile telo-
mere analyses in D, E, G, and I, data are means±SD from three independent experiments with ∼2000 telomeres analyzed per experiment.
All P-values except for the ones in Kwere derived from unpaired two-tailed t-tests. (∗∗∗) P≤0.001, (∗∗) P≤0.01, (∗) P≤0.05, (n.s.) P>0.05.
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POLD3 and POLD4 promote fragile telomere formation
in Blm-deficient cells

Since BIR underlies CFS expression and since the data on
SLX4/SLX1 suggested formation of DSBs that can be re-
paired by BIR, we tested whether the fragile telomere phe-
notype of Blm-deficient cells is promoted by POLD3 and
POLD4, the two Polδ subunits required for BIR (Anand
et al. 2013). Knockdown of POLD3 in BlmF/F MEFs re-
duced the POLD3 protein level (Fig. 2A) and diminished
the occurrence of fragile telomeres after Blm deletion
(Fig. 2B). The effect of the POLD3 shRNA was repressed
by an shRNA-resistant form of wild-type POLD3 but not
by a BIR-deficient version of POLD3 lacking the PCNA in-

teracting motif (ΔPIP) (Fig. 2C,D; Ducoux et al. 2001; Dil-
ley et al. 2016). Similar results with two independent
shRNAs to POLD4 further implicated BIR in the fragile
telomere phenotype associated with BLM deficiency
(Fig. 2B).
We next queried the involvement of RAD52, which

contributes to CFS expression (Bhowmick et al. 2016)
and to the BIR-like telomere maintenance mechanism
in ALT cells (Min et al. 2017; Verma et al. 2019; Zhang
et al. 2019). CRISPR/Cas9 targeting of Rad52 with two
different sgRNAs did not result in a significant change
in fragile telomere frequency in BLM-deficient cells (Sup-
plemental Fig. S2A), suggesting that the BIR pathway is
not solely dependent on RAD52. Similarly, in ALT cells,
some of the telomeric BIR is not dependent on RAD52
(Verma et al. 2019; Zhang et al. 2019).
Since it is possible that BIR engages only one end of the

DSB induced by SLX4/SLX1, we considered the fate of the
other end. There was no evidence for homologous recom-
bination at telomeres lacking BLM, since no telomere sis-
ter chromatid exchanges (T-SCEs) were induced by
deletion ofBlm and/or depletion of POLD3 (Supplemental
Fig. S2B,C). We also did not detect shortened telomeric
DNA fragments in Blm-deficient cells or changes in telo-
mere length that depended on the presence of SLX4/SLX1
(Supplemental Fig. S2D). The low frequency of the SLX4/
SLX1 cleavage event likely prevents detection of the fate
of the released telomeric DNA fragment. Furthermore,
as shown below (Fig. 6, below), the cleaved telomeres
can be repaired by alt-NHEJ, preventing detection of
cleavage products.

CO-FISH confirms BIR-mediated fragile telomere
formation

To corroborate the role of BIR in the formation of fragile
telomeres, we determined whether fragile telomeres are
formed by conservative DNA replication. As BIR involves
synthesis of both DNA strands, fragile telomeres that are
BIR products should not be detectable in chromosome ori-
entation FISH (CO-FISH) experiments (Fig. 3A; Roume-
lioti et al. 2016). In CO-FISH, newly synthesized DNA
strands labeled with BrdU and BrdC are removed upon
Hoechst/UV nicking and exonuclease III treatment so
that only the remaining parental DNA strands are detect-
ed (Fig. 3B). To test whether telomeres with both strands
containing BrdU and BrdC escape detection in CO-FISH
as predicted, we incubated wild-type MEFs with BrdU
and BrdC for sufficient time to allow passage through
one or two rounds of DNA replication (16 or 26 h, respec-
tively) before performing CO-FISH (Fig. 3B). Analogous to
the classic Meselson and Stahl experiment (Meselson and
Stahl 1958), one round of labeling allowed detection of
two telomeres at each chromosome end in CO-FISH,
whereas cells labeled for two rounds of DNA replication
showed only one telomeric signal per chromosome end
(Fig. 3B), implying that telomeres with both strands con-
taining BrdU and BrdC were not detectable. Applying
this approach, we compared the frequency of fragile telo-
meres in Blm-deficient cells detected by FISH versus

CA

B D

Figure 2. POLD3 and POLD4 promote fragile telomere forma-
tion in Blm-deficient cells. (A) Western blot to monitor POLD3
knockdown with shRNA (96 h) and Blm deletion with Cre (96
h) in BlmF/F MEFs. γ-Tubulin serves as the loading control, and
an asterisk marks a nonspecific band detected by the POLD3 an-
tibody. (B) Quantification of q arm fragile telomeres detected by
FISH in BlmF/F MEFs±Cre (96 h) after the knockdown of Luc or
POLD3 as in A or POLD4 with two different shRNAs. The rela-
tive POLD4 mRNA levels determined by RT-qPCR, normalized
to GAPDH and compared with the shLuc sample (set at 100),
were 42 for sh#1 and 15 for sh#2. Data are means± SD of three
or more independent experiments of ∼2000 telomeres analyzed
per experiment. All P-values were derived from two-tailed un-
paired t-test. (∗∗∗∗) P≤0.0001, (∗∗) P≤ 0.01. (C ) Western blot anal-
ysis of BlmF/F MEFs expressing empty vector, shRNA-resistant
WT, or ΔPIP POLD3. All cells were treated with Cre and shLuc
or shPold3 as inA. γ-Tubulin serves as the loading control. An as-
terisk indicates a nonspecific band detected by the POLD3 anti-
body. (D) Quantification of q arm fragile telomeres detected by
FISH in cells as described inC. Data aremeans ± SD of three inde-
pendent experiments of ∼2000 telomeres analyzed per experi-
ment. All P-values were derived from two-tailed paired t-test. (∗)
P≤ 0.05, (n.s.) P >0.05.
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Figure 3. Fragile telomeres of Blm-deficient cells arise from conservative replication. (A) Model for BIR-mediated fragile telomere forma-
tion and their removal after CO-FISH. (B) Schematic and images of CO-FISH on cells cultured in the presence of BrdU and BrdC for 16 or 26
h. The substitutedDNA strands are removed by treatmentwithHoechst 33258, UV, and exonuclease III. Telomeres replicated by leading-
strandDNA synthesis were hybridized [TTAGGG]3 (green) and lagging-strand telomereswith [CCCTAA]3 (red). Cells labeled for 16 h (one
S phase) show two signals per chromosome end, whereas cells labeled for 26 h (two S phases) show one signal per chromosome end, in-
dicating that telomeres lacking a parental strand are poorly detected by CO-FISH. (C ) Comparison of telomere FISH and CO-FISH per-
formed on parallel metaphase spreads of BlmF/F MEFs+Cre (96 h). FISH was performed with [CCCTAA]3 (green), CO-FISH was done
with [TTAGGG]3 (green) and [CCCTAA]3 (red), and DNA was stained with DAPI (blue). Fragile telomeres are marked by an asterisk.
(D) Quantification of q arm fragile telomeres in BlmF/F ±Cre cells (96 h) detected by FISH and CO-FISH on the same samples derived
from BrdU/BrdC-labeled cells. (E) Quantification of leading- and lagging-end q arm telomeres using CO-FISH as inD. Note that a sample
with 6% lagging fragile telomeres and 2% leading fragile telomeres will show an average of 4% fragile telomeres when both sisters are
scored (as is the case in D). (F ) Quantification of leading- and lagging-end q arm fragile telomeres using CO-FISH in BlmF/F MEFs±Cre
(96 h) with CRISPR/Cas9 targeting of Luc, Slx4, or Slx1. (G) Quantification of leading- and lagging-end q arm fragile telomeres using
CO-FISH in BlmF/F MEFs±Cre (96 h) with shRNAs targeting Luc or Pold3. For all fragile telomere analyses in this figure, data are
means ± SD of three independent experiments of ∼2000 telomeres analyzed per experiment. All P-values in this figure were derived
from two-tailed unpaired t-test. (∗∗∗) P≤ 0.001, (∗∗) P≤0.01, (n.s.) P>0.05.
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CO-FISH. Consistent with BIR, the frequency of fragile
telomeres detected with CO-FISH was significantly di-
minished compared with FISH (Fig. 3C,D), implying ab-
sence of the parental DNA strand and synthesis of both
strands of the fragile telomeres. As expected, the few frag-
ile telomeres that remained detectable byCO-FISH prefer-
entially involved the lagging-strand telomeres (Fig. 3E)
and were formed in a manner that depended on SLX4/
SLX1 and POLD3 (Fig. 3F,G). As shown below (Fig. 6, be-
low), these fragile telomeres are only detected in CO-
FISH because they contain a segment of telomeric DNA
replicated by semiconservative DNA replication that
has been fused to the BIR product by alt-NHEJ.

Fragile telomere formation in Blm-deficient cells is likely
to take place in S phase

BIR at CFSs takes place in mitosis, as demonstrated by in-
corporation of EdU at CSFs after nuclear envelope break-
down (Minocherhomji et al. 2015). To test whether BIR
at telomeres lacking BLM similarly takes place inmitosis,
cells were labeled with EdU for 2 h before metaphase cells
harvested, thereby allowing detection of EdU incorpora-
tion in metaphase spreads from cells that had already
completed S phase at the time of EdU addition. MEFs
treated with aphidicolin showed interstitial EdU incorpo-
ration in ∼40% of the metaphase chromosomes (Supple-
mental Fig. S3A), consistent with the previously
reported MiDAS at CFSs (Minocherhomji et al. 2015). In
contrast, no EdU incorporation was detected at fragile
telomeres in BLM-deficient cells (Supplemental Fig.
S3A). Although the lack of EdU labeling of fragile telo-
meres could be explained if the BIR tracts are shorter at
fragile telomeres than at CFSs, it is possible that the telo-
meric BIR takes place before entry into mitosis. In agree-
ment with the fragile telomeres being formed in S phase,
telomere dysfunction-induced foci (TIFs) (Takai et al.
2003) formed after Blm deletion were only observed in S
phase (as detected based on pan-nuclear EdU incorpora-
tion) (Supplemental Fig S3B,C). Together these data sug-
gest that the formation of DSBs at telomeres lacking
BLM and the repair of these DSBs by BIR most likely oc-
curs in S phase rather than in mitosis.

BIR promotes fragile telomere formation
upon FokI-induced telomeric DSBs

To further interrogate the role of DSBs and BIR in the for-
mation of fragile telomeres, telomeric DSBs were induced
by targeting the FokI endonuclease to telomeres through
fusion to TRF1 (Myc-FokI-ERT2-TRF1) (Tang et al. 2013;
Cho et al. 2014; Doksani and de Lange 2016). Previous
work showed that this FokI-TRF1 fusion does not interfere
with the function of the endogenousTRF1 and does not in-
duce a fragile telomere phenotype if the fused FokI is not
catalytically active (Doksani and de Lange 2016). Consis-
tent with prior data, TRF1 fused to the wild-type (WT) or
nuclease-dead (DA) FokI localized to telomeres (Fig. 4A,
B). As expected, induction of WT but not the DA version
of FokI resulted in TIFs, visualized based on colocalization

of 53BP1 IF signals with telomeres (Fig. 4B). As previously
reported (Doksani and de Lange 2016), induction of telo-
meric DSBs with WT FokI-ERT2-TRF1 resulted in fragile
telomeres (Fig. 4C). Consistent with BIR, depletion of
POLD3 ameliorated the fragile telomere phenotype while
not affecting the induction of DSBs by FokI (Fig. 4C–E).
Furthermore, the fragile telomeres formed upon FokI in-
duction largely escaped detection in CO-FISH, indicating
a conservative mode of replication (Fig. 4F). As was the
case for telomeres lacking BLM, the residual fragile telo-
meres that escaped degradation during CO-FISH were di-
minished upon Pold3 knockdown (Fig. 4G), again
indicating the involvement of BIR in the formation of frag-
ile telomeres in cells with telomeric DSBs. The origin of
the fragile telomeres that resist degradation in CO-FISH
is addressed below.

BIR contributes to the fragile telomere phenotype
of ALT cells

BIR has been implicated in the telomere maintenance in
ALT cells and it is thought that DSBs in the telomeric
DNA are frequent in these cells (Dilley et al. 2016; Rou-
melioti et al. 2016; Min et al. 2017). Fragile telomeres
have been reported in several ALT cell lines (Arora et al.
2014; Min et al. 2017). Consistent with this report, five
ALT cell lines showed a high frequency of fragile telo-
meres (Fig. 5A). Because ALT lines have very long telo-
meres, their fragile telomere phenotypes were compared
with three cell lines with very long telomeres that do
not use ALT for telomere maintenance (Fig. 5A). In addi-
tion, we included the JFCF6/T.1F cell line in the compar-
ison, which is similar to the precursor of two of the
queriedALT lines (JFCF6/T.1M and JFCF6/T.1R) (Fig. 5A).
In support of a role for BIR in the ALT fragile telomere

phenotype, CRISPR/Cas9 targeting of POLD3 using two
different sgRNAs significantly reduced the frequency of
fragile telomeres in three ALT cell lines (Fig. 5B–G). Fur-
thermore, the detection of fragile telomeres in ALT cell
lines was significantly reduced in CO-FISH versus FISH
(Fig. 5H). Finally, targeting of RAD51AP1 in U2OS cells
with CRISPR/Cas9 significantly decreased telomere fra-
gility (Fig. 5I,J). RAD51AP1 has recently been shown to
be a key player in the ALT pathway, contributing to
BIR-like and RAD52/RAD51-dependent telomere main-
tenance mechanisms in U2OS cells (Barroso-González
et al. 2019). We did not detect an effect of RAD52 deple-
tion on the fragile telomere phenotype in ALT cells (Sup-
plemental Fig. S4A,B), perhaps due to redundancy with
RAD51. Similarly, prior work showed that RAD52 dele-
tion does not affect the BIR process following the induc-
tion of telomeric breaks by FokI-TRF1 in ALT cells
(Verma et al. 2019). Collectively, the results point to a
role of BIR in fragile telomeres formation in ALT cells.

PARP1-, LIG3-, and XPF-dependent alt-NHEJ competes
with BIR

Since DSBs within the telomeric repeat array are often re-
paired by alt-NHEJ (Doksani and de Lange 2016), we

BIR generates fragile telomeres

GENES & DEVELOPMENT 1397

 Cold Spring Harbor Laboratory Press on December 3, 2020 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.328575.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.328575.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.328575.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.328575.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.328575.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.328575.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.328575.119/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


determined whether this repair pathway competes with
BIR and affects the formation of fragile telomeres. Treat-
ment with the PARP inhibitor (PARPi) olaparib signifi-
cantly increased the frequency of fragile telomeres
induced byBlm deletion but did not affect the level of frag-
ile telomeres in Blm-proficient cells (Fig. 6A). Similarly,

depletion of ligase 3 (LIG3) resulted in an increase of the
fragile telomere phenotype in Blm-deficient cells (Fig.
6B,C). Finally, depletion of XPF, which has been implicat-
ed in DNA flap cleavage during alt-NHEJ (Ma et al. 2003;
Bennardo et al. 2008), promoted the fragile telomere phe-
notype in Blm-deficient cells (Fig. 6C; Supplemental Fig.
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Figure 4. BIR mediates fragile telomeres formation in cells with telomeric DSBs. (A) Western blot analysis of Myc-FokI-ERT2-TRF1 ex-
pression in wild-typeMEFs infectedwith empty vector, nuclease-dead (DA), or wild-type (WT)Myc-FokI-ERT2-TRF1. γ-Tubulin serves as
the loading control. (B) Immunofluorescence (IF)-FISH analysis of MEFs expressing DA or WTMyc-FokI-ERT2-TRF1. Telomeres were de-
tected by FISHwith an Alexa 488-[TTAGGG]3 probe. The FokI-ER

T2-TRF1 alleles were detected with anti-Myc antibodies and Alexa 647
secondary antibodies and 53BP1 with anti-53BP1 antibodies and Alexa 555 secondary antibodies. DNA was stained with DAPI. Images
were false colored for presentation purposes. (C ) Quantification of q arm fragile telomeres detected by FISH in cells expressing DA or
WTMyc-FokI-ERT2-TRF1 after shRNAknockdown of Luc or POLD3 (96 h). (D) Western blot tomonitor POLD3 knockdownwith shRNA
(96 h) in cells expressingDAorWTMyc-FokI-ERT2-TRF1. γ-Tubulin serves as the loading control. (E) Quantification of theTIF response in
cells expressing DA orWTMyc-FokI-ERT2-TRF1 after shRNA knockdown of POLD3. Cells were induced with 4-OHT for 24 h before fix-
ation. Data aremeans± SD of three independent experiments of >50 nuclei each. (F ) Quantification of q arm fragile telomere frequency in
cells expressing DA or WT Myc-FokI-ERT2-TRF1 by FISH and CO-FISH. Cells were treated with 4-OHT for 24 h before harvesting for
metaphase analysis. (G) Quantification of q arm fragile telomeres detected by CO-FISH in cells expressing DA or WT Myc-FokI-ERT2-
TRF1 after shRNA knockdown of Luc or POLD3 (96 h). For all fragile telomere analyses, data are means± SD of three independent exper-
iments of∼2000 telomeres analyzed per experiment.AllP-values in this figurewere derived from two-tailed unpaired t-test. (∗∗∗)P≤0.001,
(∗∗) P≤ 0.01, (∗) P≤ 0.05, (n.s.) P> 0.05.
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S1C). XPF appeared to be epistatic with LIG3 (Fig. 6B,C).
These results indicate that alt-NHEJ can compete with
BIR in the repair of telomeric DSBs.
Interestingly, when the telomeres were examined using

CO-FISH, inhibition of alt-NHEJ with PARPi or by deplet-
ing LIG3 or XPF reduced the frequency of lagging-strand
fragile telomeres in Blm-deficient cells to background lev-
els (Fig. 6D,E). This result indicates that CO-FISH detec-
tion of fragile lagging-strand telomeres in Blm-deficient
cells relies on an alt-NHEJ dependent process. The same
phenomenon was observed in cells with FokI-induced
telomeric DSBs (Supplemental Fig. S5A–C). When alt-
NHEJ was inhibited, the frequency of fragile telomeres de-
tected by FISH increased (Supplemental Fig. S5A,B). How-

ever, when fragile telomeres were monitored using CO-
FISH, inhibition of alt-NHEJ led to a reduction in the frag-
ile telomeres that remained (Supplemental Fig. S5C).
The simplest explanation of these data is that the fragile

telomeres in Blm-deficient cells that are detected by CO-
FISH represent BIR products that are fused (by alt-NHEJ)
to the distal segment of the cleaved telomere (Fig. 6F).

Discussion

These data indicate that BIR can contribute to the fragile
telomere phenotype of cells with telomeric DSBs, includ-
ing in Blm-deficient cells where SLX4/SLX1 cleavage of
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Figure 5. BIR contributes to fragile telo-
mere formation inALT cells. (A) Quantifica-
tion of the frequency of fragile telomeres by
FISH in non-ALT cell lines and a panel of
ALT cell lines. Asterisks indicate P-values
from pairwise comparisons between
HeLa1.3 and the ALT cell lines. The
HeLaST and HT1080ST (super telomerase)
(Cristofari and Lingner 2006) cells with
very long telomeres were treated with 10
μM BIBR1532 to inhibit telomerase for bet-
ter comparison with telomerase-negative
ALT cells. (B) Western blot analysis of
CRISPR/Cas9 targeting of POLD3 with
two different sgRNAs (5 d) in JFCF-6/T.1R
cells. (C ) Quantification of fragile telomeres
detected by FISH in JFCF-6/T.1R cells after
POLD3 targeting in bulk by CRISPR/Cas9
as in B. (D) Western blot analysis of
CRISPR/Cas9 targeting of POLD3 with
two different sgRNAs (5 d) in U2OS cells.
(E) Quantification of fragile telomeres de-
tected by FISH in U2OS cells after POLD3
targeting in bulk by CRISPR/Cas9 as in D.
(F ) Western blot analysis of CRISPR/Cas9
targeting of POLD3 with two different
sgRNAs (5 d) in WI38.VA12-2RA cells. (G)
Quantification of fragile telomeres detected
by FISH in WI38.VA12-2RA cells after
POLD3 targeting in bulk by CRISPR/Cas9
as in F. (H) Quantification of fragile telo-
meres in two ALT cell lines detected by
FISH andCO-FISH. (I ) Western blot analysis
of CRISPR/Cas9 targeting of RAD51AP1 (5
d) in U2OS cells. An asterisk marks a non-
specific band detected by the RAD51AP1
antibody. (J) Quantification of fragile telo-
meres detected by FISH in U2OS cells after
RAD51AP1 targeting in bulk by CRISPR/
Cas9 as in I. For all fragile telomere analy-
ses, data are means ± SD of three indepen-
dent experiments of ∼2000 telomeres
analyzed per experiment. All P-values in
this figure were derived from two-tailed un-
paired t-test. (∗∗∗∗) P≤0.0001, (∗∗∗) P≤ 0.001,
(∗∗) P≤0.01, (∗) P≤ 0.05, (n.s.) P >0.05.
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replication intermediates creates a break, in cells with
FokI-induced telomeric DSBs, and in ALT cells, which
harbor spontaneous DNA damage. The involvement of
BIR in fragile telomere formation was evident based on
its dependence on DSB formation, the POLD3 and
POLD4 subunits of Polδ, and the conservativemechanism
of DNA replication. Interestingly, this BIR-dependent
fragile telomere formation differed from the BIR involved
in generating the CFSs with regard to the nucleases in-
volved and its timing. Whereas CFS-associated BIR occurs
during mitosis and relies on MUS81/EME1, BIR at fragile
telomeres occurs before mitosis and depends on SLX4/
SLX1. Consistent with fragile telomeres arising from

BIR acting on induced or constitutive telomeric DSBs,
this process was in competition with alt-NHEJ. Although
these data show that BIR-dependent repair of DSBs is one
of the pathways that generate fragile telomeres, additional
processes that create this telomere anomaly remain to be
deciphered.

The role of SLX4/SLX1 in telomere processing in Blm-
deficient cells

It has long been anticipated that G4 formation in the lag-
ging-strand telomeric template could pose a problem. We
considered the possibility that lagging-strand replication
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Figure 6. Alt-NHEJ competes with BIR at
telomeric DSBs. (A) Quantification of q arm
fragile telomeres detected by FISH in BlmF/F

MEFs±Cre (96 h) treated with or without 2
μM olaparib for 20 h. All P-values were de-
rived from two-tailed paired t-test. (∗) P≤
0.05. (B) Western blot analysis of Ligase 3 in
BlmF/F MEFs with γTubulin as the loading
control. (C ) Quantification of q arm fragile
telomeres detected by FISH in BlmF/F MEFs
±Cre (96 h) with CRISPR/Cas9 targeting of
Luc or Xpf and/or shRNAs targeting Luc or
LIG3. (D) Quantification of leading- and lag-
ging-end q arm fragile telomeres detected by
CO-FISH in BlmF/F MEFs±Cre (96 h) treated
with or without 2 μM olaparib for 20 h.
(E) Quantification of leading- and lagging-
end q arm fragile telomeres detected by CO-
FISH in BlmF/F MEFs±Cre (96 h) with
CRISPR/Cas9 targeting of Luc or Xpf and/or
shRNAs targeting Luc or LIG3. For all fragile
telomere analyses in this figure, the data are
means ± SD of three independent experi-
ments of ∼2000 telomeres analyzed per ex-
periment. All P-values in this figure except
for panel A were derived from two-tailed
unpaired t-test. (∗∗∗) P≤ 0.001, (∗∗) P≤ 0.01,
(∗) P≤ 0.05. (F ) Model showing how alt-
NHEJ and BIR act on telomeric DSBs in
Blm-deficient cells and the effect of alt-
NHEJ on the detection of fragile telomeres.
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problems may lead to fork stalling and generate reversed
forks that could be processed by SLX4/SLX1 into the
DSB used by BIR. However, cleavage of reversed fork
seems an unlikely source of DSBs in Blm-deficient cells,
since the fragile telomere phenotype was unaffected by
depletion of fork reversal factors, such as ZRANB3,
SMARCAL1, and HTLF. Second, cleavage of reversed
forks is unlikely to be orientation-specific, and therefore
fails to explain the lagging-strand specificity of fragile
telomere formation in Blm-deficient cells. Third, in vitro
data argue that a block in lagging-strand DNA synthesis
does not result in fork stalling (Taylor and Yeeles 2018).
Therefore, we propose that in Blm-deficient cells, the lag-
ging-end telomeres contain unreplicated gaps, most likely
at sites where G4 structures have persisted, and that the
ssDNA in these gaps is cleaved by SLX4/SLX1 to form
theDSBs used by BIR (Fig. 6F). Importantly, this model ac-
counts for the lagging-strand prevalence of fragile telo-
mere formation in Blm-deficient cells.

The role of alt-NHEJ in repairing telomeric DSBs

It is known that telomeric DSBs are often repaired by alt-
NHEJ (Doksani and de Lange 2016). The data indicate that
this repair pathway is in competition with BIR. When
DSBs are created by FokI or when they result from
SLX1/SLX4 cleavage of telomeres replicated in the ab-
sence of BLM, alt-NHEJ diminishes the formation of frag-
ile telomeres by BIR. In addition, the data show that alt-
NHEJ can act on the DNA end after it has been extended
by BIR, leading to ligation of the distal segment of the
cleaved telomere (Fig. 6F). During BIR, the DNA end is
thought to be frequently released from the template
(Smith et al. 2007). Our results suggest that whenever
the BIR product is disengaged from the template, alt-
NHEJ might be able to terminate BIR by ligating the end
to the distal telomeric fragment. The distal end of the
cleaved telomere is expected to remain in proximity to
the BIR product since it is associated with the sister telo-
mere through cohesion.

Telomeric BIR and ALT

ALT cells have the ability to use BIR to extend their telo-
meres (Dilley et al. 2016; Roumelioti et al. 2016). Our re-
sults with non-ALT cells, including Blm-deficient cells
and cells with FokI-induced telomeric DSBs, suggest
that telomeric BIR is not unique to ALT. Telomeric BIR
in non-ALT cells can explain how telomerase-positive
cells can copy an inserted molecular marker from one
telomere to another (Neumann et al. 2013). In non-ALT
cells, the telomeric damage needed to initiate BIR may
be infrequent, in part explaining why spreading of a mark-
er from one telomere to others is rare. Given that BIR is ac-
tive at telomeres in non-ALT cells with telomeric DSBs,
the unique aspect of ALT cells may be their propensity
to form DSBs in the telomeric DNA (Cesare et al. 2009).
In addition, ALT cells and other cells that lack the
ATRX chromatin remodeler show prominent loss of telo-
mere cohesion and disengagement of the distal telomeric

fragment generated by a DSB (Lovejoy et al. 2020). The
high level of BIR-dependent processes in ALT, including
the formation of fragile telomeres may therefore also be
due the loss of the distal telomeric fragment that could
have been used by alt-NHEJ to prevent or terminate BIR.

Materials and methods

Cell culture, cloning, and viral infections

SV40-LT-immortalized BlmF/F MEFs were described previously
(Chester et al. 2006; Wu et al. 2012). MEFs were cultured in
DMEM (Cellgro) supplemented with 100 U/mL penicillin
(Gibco), 0.1 mg/mL streptomycin (Gibco), 0.2 mM L-glutamine
(Gibco), 0.1 mM nonessential amino acids (Gibco), and 10% bo-
vine calf serum (HyClone). ALT and non-ALT human cell lines
were described previously (Cristofari and Lingner 2006; Takai
et al. 2010; Lovejoy et al. 2012) and cultured with 10% fetal bo-
vine serum (Gibco) with the same supplements. Cre recombinase
was introduced by two retroviral infections with Hit&Run Cre in
pMMP at 12-h intervals and cells were harvested 96 h after the
second infection in all experiments. Mouse Pold3 cDNA was
cloned by RT-PCR into pLPC-N-Myc, and shRNA-resistant
(TATACAAAAAGCTATGCTAAA in place of the shRNA target
site CATCCAGAAAGCTATGCTAAA) WT and ΔPIP mutant
(deletion of amino acids 451–461) were generated by site-directed
mutagenesis using PCR. Mouse Slx4 and Slx1 cDNAs were pur-
chased fromOrigene and cloned into pWZL-FLAG-Hygro vector.
sgRNA-resistant Slx4 (ATCTGAAACAATGCGCCGTC in place
of sgRNA#2 ACTTGAAGCAGTGTGCGGTG) and Slx1 (CGGA
AAAAGGGAGGTGCCTGG in place of sgRNA#1 GCAAGAA
AGGTGGAGCATGG) were generated by site-directed mutagen-
esis using PCR. The followingmutants of Slx4weremade by site-
directed mutagenesis using PCR: ΔXPF, Δ233–380; ΔMUS81,
Δ1314–1397; and ΔSLX1, Δ1407–1565 (Kim et al. 2013). Myc-
FokI-ERT2-TRF1 constructs were described previously (Doksani
and de Lange 2016). MEFs infected with retroviral vectors were
selected with 2.5 μg/mL puromycin or 135 μg/mL hygromycin
for 3 d. Cells expressing Myc-FokI-ERT2-TRF1 were treated
with 0.5 μM 4-hydroxytamoxifen (Sigma-Aldrich) for 24 h before
harvesting. The following shRNAswere obtained from Sigma-Al-
drich: shZranb3 (TRCN0000239044), shSmarcal1 (TRCN00003
17573), shHltf (TRCN0000349351), shPold3 (TRCN0000279
480), shPold4#1 (TRCN0000111341), shPold4#2 (TRCN00001
11344), and shLig3 (TRCN0000070978). These shRNAs and a
control shLuc (CGCTGAGTACTTCGAAATGTC) were cloned
into the pLKO.1 vector. sgRNAswere designed using the designer
from the Broad Institute (https://portals.broadinstitute.org/gpp/
public/analysis-tools/sgrna-design) and top hits were picked.
The following sgRNAs were cloned into the pLentiCRISPRv2
vector (Addgene 52961): sgLuc (ACAACTTTACCGACCGC
GCC), sgSlx4 (#1: CTCACACCATGACAGCCTGG; #2: ACTTG
AAGCAGTGTGCGGTG; #3: TGTGCGGTGAGGATGGAA
GT), sgSlx1 (#1: GCAAGAAAGGTGGAGCATGG; #2: CGGG
TCCGGCAACACAACGC; #3: TCGGGTCCGGCAACACAA
CG), sgMus81 (#1: TACCCGCTACCATTGCGCAG; #2: AAGC
AGCACCTAGCATCAGG; #3: CCACAGCTTCCTAACCAA
AG), sgXpf (#1: GAAATGGTAGAGGAGCCGGT; #2: TATG
AAGTCTACACGCAGGG; #3: ACAAAGGGTCCAAGTAA
TGG), and sgRAD52 (#1: GACTTCCCACCAACAAAGGG; #2:
GATGGTTGTCACACCCTCTG). MEFs were infected with the
lentiviral vectors and selectedwith 2.5 μg/mL puromycin. For hu-
man cells, the following sgRNAs were cloned into the pLen-
tisgRNA vector (Addgene 71409): sgPOLD3 (#1: AAAGCCAT
GCTAAAGGACAG; #2: CAACAAGGAAACGAAAACAG),
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sgRAD52 (#1: AGGCCATCCAGAAGGCCCTG; #2: GGGAGT
CTGTGCATTTGTGA), and sgRAD51AP1 (#1: GAAATCCAG
AACAGCACCAA; #2: TGCACATTAGTGGTGACTGT). Cells
were infected, selected in 2 μg/mL puromycin, infected with ade-
noviral Cas9 (Vector Biolabs 1900), and harvested after 5 d.

Western blotting

Harvested cells were lysed in RIPA buffer (150mMNaCl, 1%NP-
40, 0.5% DOC, 0.1% SDS, 50 mM Tris-HCl at pH 8.0, supple-
mented with protease inhibitor cocktail tablets [Roche] and 0.5
mM PMSF) for 30 min on ice and centrifuged at maximum speed
in amicrofuge for 20min at 4°C. Protein concentrations in the su-
pernatant were determined using the Pierce BCA protein assay
kit (Thermo Fisher 23227) and 10–20 μg of protein in 20–30 μL
of Laemmli buffer (10% glycerol, 60 mM Tris-HCl at pH 6.8,
2% SDS, 0.001% bromophenol blue, 1.25% 2-mercaptoethanol)
was resolved on precast 4%–12% SDS–polyacrylamide gels and
transferred to nitrocellulose membranes after electrophoresis.
Themembraneswere blocked in 5%milk and incubatedwith pri-
mary antibodies in 1% milk for 2 h, followed by three washes
with TBST. The membranes were then incubated with horserad-
ish peroxidase-conjugated sheep antimouse or donkey antirabbit
secondary antibodies (GE Healthcare) for 1 h, followed by three
washes with TBST, and then developed using the SuperSignal
ECL kit (Thermo Fisher 34580) and XAR films (LabScientific) ac-
cording to the manufacturer’s protocol. The following primary
antibodies were used: mBLM (Abcam ab2179), mZRANB3
(Abclonal A9555), mSMARCAL1 (Millipore ABE1836), mHLTF
(Proteintech 14286-1-AP), mSLX1 (Proteintech 21158-1-AP),
mMUS81 (Abclonal A6818), mPOLD3 and hPOLD3 (Proteintech
21935-1-AP), mLIG3 (BD Biosciences 611876), mTRF1 (1449),
hRAD52 (Santa Cruz Biotechnology sc-365341), hRAD51AP1 (a
gift from R. O’Sullivan [Barroso-González et al. 2019]), and γ-tu-
bulin (Sigma-Aldrich GTU88).

RT-qPCR

Total RNAwas extracted with the RNeasy Plus minikit (Qiagen
74134), and cDNA synthesis was performed with the SuperScript
IV first strand synthesis kit (Thermo Fisher 18091050) as per the
manufacturer’s instructions. The following gene-specific primers
were used for first strand synthesis: mSlx4 (TGGTGACTCC
TTTCCGTTTC), mPold4 (TCTGTCCTGAAGTTCTTGGTG),
mXpf (TCCGAAACTCACGCATGTC), mRad52 (CCAAGTG
CATTCCCAAAACTC), and mGapdh (ATTGTCATACCAGG
AAATGAGCTT). qPCRwas done with SYBRGreen PCRmaster
mix (Thermo Fisher 4309155). The following primer pairs were
used for qPCR: mSlx4 (For: AGGGAGCAACATGTGAACAG;
Rev: AGTGACTGATTCGGCTCTTG), mPold4 (For: CATCAC
TGACTCCTATCCTGTTG; Rev: CCAGGTCAAACTGCCT
CAG), mXpf (For: CCCAGATACGTGGTTCTGTATG; Rev:
GCAGAGCAGTCAGGTAGC), mRad52 (For: AATACCAGGC
CATCCAGAAAG; Rev: CCCAGCCATTGTAACCAAAC), and
mGapdh (For: GTGTTCCTACCCCCAATGTGT; Rev: ATTGT
CATACCAGGAAATGAGCTT). qPCR was performed on a
QuantStudio 12K Flex real-time PCR system (Life Technologies)
at The Rockefeller University Genomics Resource Center.

FISH and CO-FISH

Telomere FISH onmetaphase spreadswas conducted as described
previously (Celli and de Lange 2005). Briefly, cells were treated
with 0.2 μg/mL colcemid for 1 h before harvesting, suspended
in 0.075MKCl, swollen for 30min at 37°C, and fixed in 3:1meth-

anol:glacial acetic acid overnight. Fixed cells were dropped onto
glass slides and dried overnight. Hybridization was performed
with 20 nM Cy3-[CCCTAA]3 PNA probes (PNA Bio) in 100 μL
of hybridization mix (10 mM Tris-HCl at pH 7.2, 70% deionized
formamide, 0.5% blocking reagent [Roche 11096176001]) placed
onto the slides and heated for 10 min at 80°C. Slides were kept in
a dark humidified chamber for 2 h,washed twicewithwash buffer
I (70% formamide, 10 mM Tris-HCl at pH 7.2) for 15 min each,
and then washed three times for 5 min with wash buffer II (100
mM Tris-HCl at pH 7.2, 150 mM NaCl, 0.08% Tween-20) with
DAPI added to the second wash. Slides were dehydrated with
70%, 95%, and 100% ethanol before being mounted with Pro-
Long Gold Antifade reagent (Life Technologies P36934). For
EdU detection experiments, cells were incubated with 10 μM
EdU for 2 h before harvestingwith colcemid added during the sec-
ond hour. Click chemistry was performed after the wash with
FISH wash buffer I using the Click-iT EdU Alexa fluor 647 imag-
ing kit (Invitrogen C10340).
The procedure for telomere CO-FISH was described previously

(Bailey et al. 2001; Celli et al. 2006). Briefly, cells were incubated
with 7.5 μMBrdU and 2.5 μMBrdC for 16 h before harvesting and
metaphase spreads were prepared as above. To degrade the newly
synthesized strands, slides were rehydrated with PBS, treated
with 0.5 mg/mL RNase A for 15 min at 37°C, stained with 0.5
μg/mL Hoechst 33258 in 2× SSC for 15 min at room temperature,
and exposed to 365-nm UV light for 5.4 × 103 J/m2, followed by
treatment with 100 μL of 10 U/μL exonuclease III (Promega
M1811) for 30 min at 37°C. Slides were then washed with PBS
and serially dehydrated as above. Cells were hybridized with 2.5
nM Cy3-[TTAGGG]3 (PNA Bio) probes for 2 h at room tempera-
ture, rinsed with wash buffer I, and hybridized with 20 nM Alexa
488-[CCCTAA]3 (PNA Bio) probes for 2 h at room temperature.
Washing and mounting steps were as described above. Images
were obtained on a DeltaVision microscope.

IF-FISH

IF-FISHwas conducted as described previously (Takai et al. 2003).
Cells were plated onto coverslips 24 h before fixation with 3%
paraformaldehyde in PBS for 10 min. Coverslips were then incu-
bated with blocking solution (0.1% BSA, 3% goat serum, 0.1%
Triton X-100, 2mMEDTA in PBS) for 30min, followed by prima-
ry antibody incubation in blocking solution for 1 h. After three
washes with PBST, cells were incubated with secondary antibod-
ies in blocking solution for 30min, followed by threewasheswith
PBST.Cellswere fixed againwith 3%paraformaldehyde for 5min
before washing twice with PBS and dehydrating with 70%, 95%,
and 100%ethanol. The FISH procedurewas the same as described
above, using the Alexa 488-[TTAGGG]3 (PNA Bio) probes. After
FISH, coverslips were washed twice with wash buffer I for 15
min each, and three timeswith PBSTwithDAPI added to the sec-
ond PBSTwash. Coverslips were dehydrated again before mount-
ing onto slides. Cells were imaged using the DeltaVision
microscope, and images were deconvoluted. TIF analysis was
done by automated focus counting as described previously (Dok-
sani and de Lange 2016). The following antibodies were used for
IF: Myc (Cell Signaling 9B11), 53BP1 (Abcam ab175933), goat
antirabbit A555 (Thermo Fisher A32732), and goat antimouse
A647 (Thermo Fisher A21237).

Telomere restriction fragment (TRF) analysis

TRF analysis was conducted as described previously (Celli and de
Lange 2005). Briefly, 1million cells were embedded in 1%agarose
plugs and treated with 1 μg/mL proteinase K overnight, followed
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by extensive wash with TE, after which the plugs were digested
with 60 U of AluI and MboI overnight. Plugs were run out in a
1% agarose gel using pulse field gel electrophoresis and the gel
was dried. [γ-32P]ATP-labeled TelC probe ([CCCTAA]4) was
used for probing telomeric overhang under native condition over-
night. After washing and imaging, the gel was denatured,
reprobed, and imaged again. Imaging was performed with a GE
Typhoon system.

Proximity ligation assay (PLA)

PLA assay was performed using a Duolink PLA kit following the
manufacturer’s protocol. The following antibodies were used:
TRF1 (1449) and γH2AX (Millipore 05636), FLAG (Sigma M2),
and 53BP1 (Abcam ab175933).

Statistics and reproducibility

Data sets were analyzed using GraphPad Prism 8 and differences
between samples were determined using a two-tailed, unpaired t-
test unless stated otherwise. Error bars represent SD unless noted
otherwise. Significance levels are given as follows: P≤ 0.0001
(∗∗∗∗), P≤ 0.001 (∗∗∗), P≤ 0.01 (∗∗), P≤ 0.05 (∗), and P >0.05 (n.s.
[not significant]). Experiments were repeated at least three times.

Data availability

All data supporting the findings of this study are available here
and in the Supplemental Material.
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