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SUMMARY

Telomere maintenance critically depends on the
distinct activities of telomerase, which adds telo-
meric repeats to solve the end replication problem,
and RTEL1, which dismantles DNA secondary struc-
tures at telomeres to facilitate replisome progres-
sion. Here, we establish that reversed replication
forks are a pathological substrate for telomerase
and the source of telomere catastrophe in Rtel1�/�

cells. Inhibiting telomerase recruitment to telomeres,
but not its activity, or blocking replication fork
reversal through PARP1 inhibition or depleting
UBC13 or ZRANB3 prevents the rapid accumulation
of dysfunctional telomeres in RTEL1-deficient cells.
In this context, we establish that telomerase binding
to reversed replication forks inhibits telomere repli-
cation, which can be mimicked by preventing repli-
cation fork restart through depletion of RECQ1 or
PARG. Our results lead us to propose that telome-
rase inappropriately binds to and inhibits restart of
reversed replication forks within telomeres, which
compromises replication and leads to critically short
telomeres.

INTRODUCTION

Eukaryotic genomes are organized into linear chromosomes,

which require the presence of telomeres to protect and maintain

their chromosome ends. Telomeres are repetitive sequences

(TTAGGG in vertebrates) that form complex nucleoprotein

structures that protect chromosome ends from promiscuous

DNA repair activities and nucleolytic degradation (reviewed in

de Lange, 2005). Telomeres also shorten with each cell division

due to processing by nucleases, genotoxic stress and the ‘‘end-

replication problem’’ (Harley et al., 1990). To counteract telomere

shortening, telomeric repeats can be extended by means of

telomerase, a reverse transcriptase that uses an RNA moiety

(TERC) as a template to extend the 30 end of the chromosome

(Greider and Blackburn, 1985; Shippen-Lentz and Blackburn,

1990). Telomerase expression is normally high in stem cells

and repressed in somatic tissues but is frequently re-expressed

in cancer cells as a means of maintaining telomere length during

disease progression (Damle et al., 2004; Hultdin et al., 2003).
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Telomere integrity is also dependent on the six-subunit Shel-

terin complex, which (1) suppresses ATM and ATR checkpoint

signaling, (2) inhibits DNA double-strand break (DSB) repair

pathways, and (3) facilitates semi-conservative telomere replica-

tion (de Lange, 2005). Shelterin is composed of telomere repeat-

binding factor 1 and 2 (TRF1 and TRF2, respectively), protection

of telomeres 1 (POT1), TRF1-interacting nuclear factor 2 (TIN2),

repressor activator protein 1 (RAP1), and TPP1 (reviewed in

Palm and de Lange, 2008). TRF1 is essential for efficient telo-

mere replication, which averts telomeric fragility (Sfeir et al.,

2009), whereas TRF2 prevents ATM activation at telomeres,

telomere end-to-end fusions, and loss of the 30 single-stranded
overhang (Celli and de Lange, 2005; Karlseder et al., 1999; Sfeir

and de Lange, 2012; van Steensel et al., 1998). Moreover, POT1

represses the activity of ATR at telomeres by binding to single-

stranded DNA and thus preventing the recruitment of RPA

(Denchi and de Lange, 2007; Takai et al., 2011).

One way that TRF2 protects chromosome ends is by promot-

ing the formation of t-loops at telomeres, which form when the 30

single-stranded telomeric G-rich overhang invades into internal

telomeric repeats to form a lariat-like structure (Doksani et al.,

2013; Griffith et al., 1999). By masking the processed DSB end

within an internally protected structure, t-loops protect chromo-

some ends from degradation and deleterious DNA damage

response (DDR) pathways (reviewed in O’Sullivan and Karlseder,

2010). Telomere replication and telomerase access to the 30 te-
lomeric end require that t-loops are transiently dismantled during

S-phase, which is catalyzed by Regulator of Telomere Length 1

(RTEL1) (Sarek et al., 2015). In the absence of RTEL1, persistent

t-loops are aberrantly excised by the SLX1/4 nuclease complex,

leading to dramatic telomere length changes and loss of the

t-loop as a circle (Vannier et al., 2012). Loss of RTEL1 also

causes the appearance of telomeric fragility, which reflects a

defect in unwinding telomeric G4-DNA structures that hinder

DNA replication (Vannier et al., 2012). This second function of

RTEL1 is also important genome-wide to facilitate processive

genome replication and to prevent tumorigenesis (Vannier

et al., 2013). The clinical importance of RTEL1’s role at telomeres

was recently highlighted with the discovery that it is frequently

mutated in Hoyeraal-Hreidarsson syndrome (HHS), a severe

form of Dyskeratosis congenita (DKC) (Ballew et al., 2013a,

2013b; Deng et al., 2013; Faure et al., 2014; Walne et al., 2013).

Paradoxically, the rapid onset of telomeric dysfunction

following conditional murine RTEL1 inactivation does not result

in chromosome end-to-end fusions nor activation of a robust

DDR (Vannier et al., 2012). Since telomerase is constitutively
nuary 25, 2018 ª 2017 The Authors. Published by Elsevier Inc. 439
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active in mouse cells, it seemed plausible that this activity could

act to heal critically short telomeres that arise in the absence of

RTEL1, thereby preventing telomere fusions and induction of

the DDR. However, we report here that eliminating telomerase

activity does not lead to telomere fusions following inactivation

of RTEL1. Strikingly, Rtel1�/�Terc�/� cells are instead rescued

for the rapid accumulation of dysfunctional telomeres normally

observed following conditional loss of RTEL1, which implied

that telomerase is driving telomere catastrophe in this context.

We proceed to show that telomerase aberrantly accumulates

at telomeres in the absence of RTEL1 and eliminating telomerase

or blocking its recruitment to telomeres is sufficient to rescue

telomere dysfunction in Rtel1-null cells. We present evidence

that the abnormal association of telomerase with telomeres in

these cells corresponds to its binding to single-ended DSBs

generated at reversed replication forks that form as a conse-

quence of persistent t-loops or unresolved telomeric G4-DNA

structures. Consistent with this conclusion, blocking fork

reversal is sufficient to rescue telomere dysfunction in Rtel1�/�

cells, whereas inhibiting the restart of reversed replication forks

mimics the toxic effects of telomerase. These data reveal an un-

appreciated source of critically short telomeres that results from

the aberrant binding and stabilization of reversed replication

forks by telomerase.

RESULTS

Terc Deletion Rescues Telomere Dysfunction in
Rtel1-Deficient Cells
To determine whether telomerase prevents telomere fusions and

DDR induction at telomeres in Rtel1�/� cells, Rtel1f/f conditional

mice were crossed with early generation Terc+/� mice, which

lack the RNA component of telomerase (Terc). Mouse adult ear

fibroblast (MAF) cell lines were derived from aged matched

Rtel1f/fTerc+/+ and Rtel1f/fTerc�/� sibling mice. These cells carry

Rtel1 floxed alleles, which allow the conditional deletion of the

Rtel1 gene by Cre-mediated recombination (Sarek et al., 2015;

Figures S1A and S1B). In contrast to Trf2�/� cells, which exhibit

extensive telomere fusions, no fusions were observed following

Cre-mediated inactivation of RTEL1, irrespective of the status

of telomerase (Figures 1A and 1B). These data establish that

removing telomerase does not lead to telomere fusions in the

absence of RTEL1.

Metaphase spreads from Rtel1-deficient telomerase positive

and negative cells were also scored for the presence of telomere

loss, telomere fragility, telomere length heterogeneity, and telo-

mere circles (TCs), which are hallmarks of telomere dysfunction

observed following loss of RTEL1 (Figure 1C). To our surprise,

the rapid accumulation of dysfunctional telomeres following

conditional Rtel1 inactivation in telomerase positive cells was

largely absent in telomerase negative Terc�/� cells (Figures S1C

and 1D, 1E, and 1F). This result was confirmed in MAFs immortal-

ized by SV40-LT (T1 and T2, and 2 other pairs not shown), as well

as in two independently derived sets of primaryMAFs (C3 andC4,

and C5 and C6). Immortalized Terc�/� cells (T2) have a basal level

of telomere loss even in the presence of RTEL1, but importantly

this is not further increased upon RTEL1 inactivation. Moreover,

primary Terc�/� cells (C3 and C4, and C5 and C6), which do
440 Cell 172, 439–453, January 25, 2018
not show telomere loss under basal conditions, do not

accumulate dysfunctional telomeres upon RTEL1 depletion. In

agreement, TCs, which accumulate in RTEL1-deficient cells

concomitant with telomere shortening and loss, were induced in

Rtel1f/fTerc+/+ cells but this accumulation was largely reduced in

Rtel1f/fTerc�/� cells (Figures 1G and S1D).

Deletion of Terc or Tert Prevents Telomere Dysfunction
and Suppresses SLX4 Recruitment to Telomeres
To determine whether inactivation of other telomerase compo-

nents is capable of suppressing telomere dysfunction associ-

ated with loss of RTEL1, we generated CRISPR knockouts for

both Terc and Tert genes in conditional Rtel1f/f MEFs. CRISPR

induced deletions in Terc and Tert were analyzed by DNA

sequence and loss of telomerase activity was confirmed using

an established Telomeric Repeat Amplification Protocol (TRAP)

(Tables S1; Figure S2A). In agreement with our previous results

in MAF cells, MEFs lacking Terc or Tert did not show Rtel1

telomeric dysfunction after Cre infection when assessed for

telomeric loss, telomeric fragility, or telomeric length heteroge-

neity (Figure 2A, 2B, and S2B). The fact that telomere lengths

are comparable between Terc+/+, Terc�/�, and the CRISPR cell

lines excludes the possibility that telomere shortening in the

absence of telomerase is responsible for rescuing the delete-

rious effects of RTEL1 deficiency (Figures S1E and S2C).

To further confirm that the lack of telomeric dysfunction in the

Rtel1�/�Terc�/� and Rtel1�/� Terc CRISPR cells is due to Terc

inactivation, we re-expressed Terc RNA in these cells (Figure 2C,

S2D,andS2F).RestoringTercRNAexpression toRtel1�/�Terc�/�

cells or toRtel1�/�TercCRISPRcells throughexpressionofaTerc

transgene resulted in the reappearance of telomeric loss, telo-

meric fragility, and telomeric length heterogeneity following Rtel1

inactivation (Figures 2D, 2E, S2E, S2G, S2H, and S2I).

Our observations raised the possibility that telomerase is

important for the accumulation of SLX1/4 at telomeres in

RTEL1-null cells, which processes persistent t-loops (Vannier

et al., 2012). Indeed, telomerase positive Terc+/+ cells lacking

RTEL1 showed a 5-fold increase in SLX4 foci that overlap with

telomeres, when compared to Rtel1-proficient cells (Figures 2F

and 2G). Conversely, the accumulation of SLX4 at telomeres

was suppressed in telomerase negative Rtel1�/�Terc�/� cells.

Hence, telomerase is necessary for the accumulation of the

SLX1/4 nuclease complex at Rtel1-deficient telomeres.

TercDepletionDoesNotRescue theReplicationDefects
Associated with Rtel1 Dysfunction
RTEL1’s role in cells is not limited to telomere maintenance but

also extends to global DNA replication (Vannier et al., 2013); we

asked whether telomerase also suppresses the non-telomeric

phenotypes associated with Rtel1 deficiency. To this end, we

examined the levels of 53BP1 foci as a readout of spontaneous

DNA damage and assessed replication dynamics by aphidicolin

treatment and DNA combing. Non-telomere-associated

53BP1 foci were elevated in both immortalized and primary

Rtel1�/�Terc+/+ and Rtel1�/�Terc�/� cells, suggesting that

induction of spontaneous DNA damage following loss of RTEL1

occurs independentlyof telomerasestatus (Figure3A).Consistent

with a previous report, Rtel1�/� Terc+/+ cells exhibited sensitivity
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Figure 1. Terc Deletion Rescues Telomere

Dysfunction in Rtel1-Deficient Cells

(A) Telomeric FISH to analyze telomere fusions

per metaphase in cells of the indicated genotypes

96 hr after Ad-Cre infection. Representative images

of chromosomes from the different genotypes are

shown.

(B) Quantification of metaphases with more than

5 telomere fusions in cells of the indicated geno-

types. Error bars, ±SD from three independent

experiments.

(C) Representative images of a wild-type chromo-

some and abnormal chromosomes with telomere

loss (yellow arrows), telomere fragility (red arrows),

and telomeric length heterogeneity (white arrows).

(D–F) Quantification of telomere loss (D), telomere

fragility (E), and telomere length heterogeneity (F)

per metaphase 96 hr after Ad-GFP or Ad-Cre

infection. Representative images of telomere

FISH on metaphases are shown in Figure S1C.

Boxplots represent the quantification from at least

30 metaphases from a representative experiment

(****p < 0.0001; two-way ANOVA).

(G) Phi29-dependent telomere circles (TCs) from the

indicated genotypes 96 hr after Ad-GFP or Ad-Cre

infection.

See also Figure S1.
to aphidicolin treatment when compared to Rtel1-proficient cells

(Uringa et al., 2012; Figure 3B). Importantly,Rtel1�/� Terc�/� cells

displayed a similar level of aphidicolin sensitivity to telomerase

positive Rtel1�/� Terc+/+ cells, suggesting that Terc deletion

does not influence the global replication defects associated with

Rtel1 inactivation. In support of this conclusion, DNA combing

revealed that the reduced replication fork extension rates and

increased fork asymmetry observed following Rtel1 inactivation

occur irrespective of telomerase status: Rtel1�/� Terc+/+ and

Rtel1�/�Terc�/� cells both exhibited reduced replication fork

speeds when compared to Rtel1-proficient cells (Rtel1+/+ 1.597

kb/min versus Rtel1�/�Terc+/+ 1.095 kb/min and Rtel1�/�

Terc�/� 1.085 kb/min) (Figure 3C). Similarly, the accumulation of
asymmetric replication forks observed in

Rtel1-deficient cells, which reflect

increased fork stalling and/or collapse,

occurs irrespective of telomerase status

(Rtel1+/+ cells 3.57% asymmetric DNA

tracts versus Rtel1�/�Terc+/+ 67.85%

and Rtel1�/�Terc�/� 64.29%; Figure 3D).

These results establish that suppression of

the Rtel1 phenotype by telomerase

inactivation does not extend to the role of

RTEL1 during global DNA replication.

Stabilization of DNA Secondary
Structures Leads to Aberrant
Accumulation of Telomerase at
Telomeres
We considered two possibilities that could

account for why the presence of telome-
rase could result in telomere dysfunction in RTEL1-deficient

cells: (1) telomerase is corrupted by loss of Rtel1 and this inter-

feres with telomere biogenesis, or (2) telomerase inappropriately

binds to and stabilizes DNA secondary structures at the telomere

that are normally removed by RTEL1. The first of these possibil-

ities is unlikely, as telomerase activity is comparable between

Rtel1-proficient and -deficient cells (Figure S3A). We therefore

focused our attention on the second hypothesis and sought

to determine whether telomerase abnormally engages with

telomeres when telomeric DNA secondary structures are not

properly dismantled.

A recent study has defined two distinct populations of telome-

rase transiently engaging with telomeres (Schmidt et al., 2016),
Cell 172, 439–453, January 25, 2018 441
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Figure 2. Deletion of Terc or Tert Prevents

Telomere Dysfunction and Suppresses SLX4

Recruitment to Telomeres

(A and B) Quantification of telomere loss (A) and

telomere fragility (B) per metaphase in cells of the

indicated genotype 96 hr after Ad-GFP or Ad-Cre

infection. Boxplots represent the quantification from

at least 30 metaphases from a representative

experiment (*p < 0.05; ***p < 0.001; ****p < 0.0001;

two-way ANOVA).

(C) Gel image showing expression of Terc in the

different genotypes compared to b-Actin.

(D and E) Quantification of telomere loss (D) and

telomere fragility (E) per metaphase in cells of the

indicated genotype 96 hr after Ad-GFP or Ad-Cre

infection. Boxplots represent the quantification from

at least 30 metaphases from a representative

experiment (****p < 0.0001; two-way ANOVA).

(F) Immunofluorescence (IF)-FISH for TelC (telo-

meres-green) and SLX4 (red) in cells of the indicated

genotypes. Merged image shows TelC, SLX4, and

DAPI. Arrows indicate overlapping TelC and SLX4

signals.

(G) Quantification of the number of SLX4 foci coin-

cident with telomeres per nuclei of the indicated

genotypes. Boxplots represent the quantification

from at least 100 nuclei from a representative

experiment (****p < 0.0001; two-way ANOVA).

See also Figures S2.
which are believed to reflect: (1) short-lived but frequent interac-

tionswith TPP1 that are not associatedwith the30 overhang at the
chromosomeend, and (2) long static interactionswith the 30 over-
hang that are productive for telomere extension but are very rare.

To examine telomerase recruitment to telomeres in Rtel1-profi-

cient and -deficient cells, we conducted proximity ligation assays

(PLAs) to detect close proximity interactions between the TERT

subunit of telomerase and the Shelterin protein TRF1. In Rtel1-

proficient cells, PLA between endogenous TERT and TRF1 is

an infrequent event, consistent with the low abundance and tran-

sient nature of telomerase binding to telomeres in wild-type cells

(Figures 4Aand4B). In contrast, a 4-fold increase inPLAsignal for
442 Cell 172, 439–453, January 25, 2018
TERTandTRF1wasdetected inRtel1-defi-

cient cells when compared to controls cells

(Figures 4A and 4B). We also detected a

robust PLA signal between TERT and

TRF2 in Rtel1-deficient cells, but not in

control cells (Figures S3B and S3C). A sig-

nificant increase in Terc RNA coincident

with telomeres was observed by RNA-

scope in Rtel1-deficient cells, but not in

Rtel1�/�Terc�/� cells (Figures S3D and

S3E). These data reveal that telomerase

binds abnormally to telomeres in the

absence of RTEL1.

Since telomerase recruitment to telo-

meres requires the shelterin component

TPP1, as well as DKC1 and TCAB1

(Wrap53 in mice) (Zhong et al., 2012), we

asked what would happen to Rtel1-defi-
cient telomeres if we blocked telomerase recruitment. Strikingly,

downregulation of Tpp1,Dkc1, orWrap53 (Figures S4B andS4C)

abolished the rapid accumulation of dysfunctional telomeres

following Rtel1 inactivation (Figures 4C, 4D, and S4A). Further-

more, treatingRtel1f/f cells with GRN163L, which inhibits telome-

rase recruitment to telomeres (Asai et al., 2003; Herbert et al.,

2005), blocked the appearance of dysfunctional telomeres in

these cells (Figures 4E, 4F, S4D, and S4E). In contrast, treatment

of Rtel1�/� cells with BIBR1532, which directly inhibits

telomerase enzymatic activity without affecting its recruitment

to telomeres (Pascolo et al., 2002), failed to prevent telomeric

catastrophe (Figures 4G, 4H, 4I, S4D, and S4F). These results
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Figure 3. Terc Depletion Does Not Rescue

the Replication Defects Associated with

Rtel1 Dysfunction

(A) Quantification of non-telomere-associated

53BP1 foci per nuclei in the different genotypes.

Boxplots represent the quantification from at least

150 nuclei from a representative experiment

(*p < 0.05; ****p < 0.0001; two-way ANOVA).

(B) Sensitivity of cells of the indicated genotype

to increasing doses of Aphidicolin. Error bars, ±SD

from three independent experiments.

(C) Replication fork dynamics in cells of the indi-

cated genotypes pulse-labeled with chlorodeox-

yuridine (CldU) followed by iododeoxyuridine

(IdU) and subjected to DNA combing. Images

show representative fibers from Ad-GFP or Ad-Cre

treatments. 150 fibers were measured per geno-

type, and replication fork speed was measured

in kb/min (****p < 0.0001; two-way ANOVA).

(D) Representative images of symmetric and

asymmetric forks. Quantification of the degree of

fork asymmetry in the different genotypes. 30 fibers

were measured per genotype (****p < 0.0001; two-

way ANOVA). Percentage represents the amount

of asymmetric fibers relative to the total amount of

measured.
were further confirmed by re-expressing WT TERT or different

TERT mutants in Rtel1f/f Tert CRISPR cells (Figure S4G). Rtel1-

null cells expressing TERT mutants with reduced/abolished cata-

lytic activity (TERT T557M and TERT K560N mutants [Gramatges

et al., 2013]) presented with dysfunctional telomeres (Figures 4J,

4K, S4H, and S4I). In contrast, cells expressing TERT mutants

defective for recruitment to telomeres (TERT K78E and TERT

R132E [Schmidt et al., 2014])weredevoid of telomeredysfunction.

Hence, telomere dysfunction in Rtel1-deficient cells depends on

telomerase recruitment to telomeres, but not its catalytic activity.

Rtel1 Telomeric Dysfunction Is Rescued by Blocking
Replication Fork Reversal
A key insight into the mechanism by which telomerase drives

telomere dysfunction in the absence of RTEL1 came from anal-
ysis of the DNA damage response at

telomeres. Poly(ADP-ribose) polymerase

(PARP) is an NAD-dependent enzyme that

catalyzes PARylation of DNA replication,

repair, and chromatin proteins in

response to a wide range of DNA lesions,

stresses, and impediments to the replica-

tion fork. Immunostaining of telomerase-

positive Rtel1�/�Terc+/+ cells revealed

an enhanced accumulation of PARP1

foci coincident with telomeres, which

were reduced in telomerase-negative

Rtel1�/�Terc�/� cells (Figures 5B and 5C).

This observation led us to consider the

possibility that theaccumulationofdysfunc-

tional telomeres could be linked to replica-

tion fork reversal, which requires PARP1.
Replication fork reversal occurs when the advancing repli-

some encounters DNA lesions or obstacles in DNA (reviewed

in Neelsen and Lopes, 2015) (Figure 5A). This a highly regulated

process during which the replication fork is remodeled into a re-

gressed chicken-foot (4-way junction) structure by annealing of

newly synthesized strands and re-annealing of parental strands

(visualized in Sogo et al., 2002). Fork reversal can facilitate fork

stabilization and provide time to either remove the offending

lesion/obstacle or initiate lesion bypass by polymerase switching

or re-priming (Mijic et al., 2017; Ray Chaudhuri et al., 2012; Vuja-

novic et al., 2017; Zellweger et al., 2015). However, unscheduled

fork reversal can expose the fork to aberrant nucleolytic attack,

which may lead to genome instability (Couch et al., 2013; Dung-

rawala et al., 2017; Lemaçon et al., 2017; Mijic et al., 2017; Neel-

sen et al., 2013; Taglialatela et al., 2017; Thangavel et al., 2015).
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Hence, depending on context, replication fork reversal can pro-

vide a means to deal with replication stress but if uncontrolled

can result in pathological consequences for the genome.

PARP1 is essential for fork reversal (Ray Chaudhuri et al.,

2012) and acts by inhibiting the fork restart activity of the

RECQ1 helicase (Berti et al., 2013). Fork reversal also requires

UBC13-dependent poly-ubiquitination of PCNA on lysine

164, which recruits the fork reversal enzymes ZRANB3 and

SMARCAL1 (Bétous et al., 2012, 2013; Ciccia et al., 2012; Vuja-

novic et al., 2017; Weston et al., 2012; Zellweger et al., 2015).

RAD51 is also essential for fork reversal and along with BRCA2

acts to protect newly synthesized DNA at the fork from promis-

cuous nucleolytic degradation by MRE11 (Schlacher et al.,

2011). Once the lesion/obstacle has been removed, fork restart

is achieved by reactivation of RECQ1 activity by PARG-depen-

dent removal of PAR (Figure 5A) (Berti et al., 2013; Ray Chaud-

huri et al., 2015). As such, knockdown/inhibition of PARP1,

RAD51, UBC13, ZRANB3, or SMARCAL1 blocks fork reversal,

whereas elimination of RECQ1 or PARG prevents fork restart

in vivo.

We considered the possibility that the enhanced PARP1 foci

seen at Rtel1-deficient telomeres might reflect the activation of

fork reversal in response to impediments within the telomere,

such as persistent t-loops or telomeric G4-DNA structures.

With this hypothesis in mind, we first asked what would happen

to telomeres in Rtel1-null cells if we blocked PARP1 activity.

Strikingly, treatment of Rtel1-deficient cells with two different in-

hibitors of PARP1 (Olaparib or NU1025) abolished telomere loss,

telomere fragility, and telomeric length heterogeneity in these

cells (Figures 5D, 5E, and S5A). A decrease in PARylated pro-

teins confirmed the efficiency of both PARP inhibitors (Figure 5F).

Downregulation of PARP1 by small interfering RNA (siRNA) also

suppressed the Rtel1-null phenotype (Figures S5B, S5C, S5D,

and S5E). Since PARP1 plays multiple roles in cells, it is not

possible to conclude, based on this result alone, that the sup-

pression of telomere catastrophe in Rtel1-deficient cells is due

to its role in fork reversal. We therefore examined the impact of

downregulating UBC13 and ZRANB3, which are also essential

for fork reversal (Figure 5A). Similar to the results with PARP1 in-

hibition, downregulation of either UBC13 or ZRANB3 abolished

the appearance of telomere dysfunction in Rtel1-null cells

(Figures 5G, 5H, S5F, and S5G). siRNA knockdown efficiency

was assessed by western blotting (Figure S5H). To confirm the
Figure 4. Stabilization of DNA Secondary Structures Leads to Aberran

(A and B) Representative images (A) and quantification of the frequency (B) of inte

the indicated genotype. Dashed lines indicate nucleus (as determined byDAPI in b

experiment (****p < 0.0001; two-way ANOVA).

(C and D) Quantification of telomere loss (C) and telomere fragility (D) per metaph

Boxplots represent the quantification from at least 30 metaphases from a repres

(E–H) Quantification of telomere loss (E andG) and telomere fragility (F andH) perm

(E and F) or BIBR1532 (G and H). Representative images of telomere FISH onmeta

least 30 metaphases from a representative experiment (**p < 0.01; ****p < 0.000

(I) Analysis of telomerase activity determined by TRAP assay on cells of the indi

measured relative to the control and normalized to the internal standard (IS).

(J and K) Quantification of telomere loss (J) and telomere fragility (K) per metaph

Representative images of telomere FISH on metaphases are shown in Figure S5

representative experiment (**p < 0.01; ****p < 0.0001; two-way ANOVA).

See also Figures S3 and S4.
specificity of UBC13 and ZRANB3 siRNAs, we repeated these

experiments using individual siRNAs against both genes and

obtained the same result (Figures S5I, S5J, and S5K). Collec-

tively, these results support a role for fork reversal in driving

telomere catastrophe in Rtel1-deficient cells.

Since replication fork reversal within the telomere is predicted

to create a chicken-foot structure with a telomeric 30 overhang
on the regressed single DSB end (Figure 5A), binding of this

structure by telomerase could explain the aberrant accumulation

of telomerase at Rtel1-deficient telomeres. We reasoned that if

telomerase binds to the regressed single DSB end of a reversed

replication fork in Rtel1-null cells, then blocking fork reversal

should abolish its aberrant binding to telomeres. Indeed, block-

ing PARP1 activity with the inhibitor NU1025 or downregulating

Ubc13 or Zranb3 by siRNA, significantly reduced the interaction

between TERT and TRF1 inRtel1-deficient cells, asmeasured by

PLA (Figures 5I and S5L). We considered the possibility that

RTEL1 may act to remove telomerase from reversed replication

forks within the context of the telomere. However, the ability of

telomerase to extend telomeres as measured by TRAP assay

was unaffected by the addition of recombinant RTEL1

(Figure S5M), suggesting that this is not the case. Collectively,

these results suggest that telomerase inappropriately binds to

reversed replication forks and blocking fork reversal is sufficient

to suppress telomere catastrophe in Rtel1-deficient cells.

Prevention of Replication Fork Restart Mimics
Telomerase-Induced Telomere Dysfunction
If the aberrant binding of telomerase to reversed replication forks

acts to prevent replication fork restart, such a scenario could

explain why t-loops are ultimately cleaved by SLX1/4 at Rtel1-

deficient telomeres, thereby removing the obstacle to the repli-

cation fork. If this hypothesis is correct, then blocking replication

fork restart should mimic the presence of telomerase, stabilize

the reversed fork and restore telomere dysfunction in telome-

rase-defective cells.

To test this possibility, we assessed the consequences

of downregulating the replication fork restart activity of the

RECQ1 helicase in telomerase-proficient and -deficient

cells lacking RTEL1 (Rtel1�/�Terc+/+ and Rtel1�/�Tert�/� cells,

respectively). Strikingly, depletion of RECQ1 by siRNA

(Figure S6B) induced telomere dysfunction in Rtel1�/�Tert�/�

cells, which looked phenotypically indistinguishable from
t Accumulation of Telomerase at Telomeres

raction between TERT and TRF1 as determined by in situ PLA assay in cells of

lue). Data represent quantification from at least 150 nuclei from a representative

ase 96 hr after Ad-GFP or Ad-Cre infection in cells of the indicated genotype.

entative experiment (****p < 0.0001; two-way ANOVA).

etaphase 96 hr after Ad-GFP or Ad-Cre infection in cells treatedwith GRN163L

phases are shown in Figure S5D. Boxplots represent the quantification from at

1; two-way ANOVA).

cated genotype treated with BIBR1532 or GRN162L. Telomerase activity was

ase 96 hr after Ad-GFP or Ad-Cre infection in cells of the indicated genotype.

M. Boxplots represent the quantification from at least 30 metaphases from a
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Rtel1�/�Terc+/+ cells (Figures 6A, 6B, S6A, S6D, S6E, S6F, and

S6G). We also assessed the impact of depleting poly(ADP-

ribose) glycohydrolase, PARG, which is essential for overcoming

the inhibitory effect of PARylated PARP1 on RECQ1 to allow the

replication fork to restart (Berti et al., 2013; Ray Chaudhuri et al.,

2015). As expected, downregulating PARG by siRNA resulted in

a robust increase in PARylated proteins in cells (Figure 6C).

Similar to RECQ1 depletion, downregulation of PARG restored

telomere dysfunction in Rtel1�/� cells lacking telomerase

(Figures 6D, 6E, S6C, S6D S6E, S6F, and S6G).

Next, we asked whether blocking replication fork restart

in Rtel1�/�Tert�/� cells leads to recruitment of the SLX1/4

nuclease to telomeres. To this end, we performed SLX4

immunofluorescence coupled with telomere fluorescence in

situ hybridization (FISH) inRtel1�/�Tert�/� cells treated with con-

trol, Recq1, or Parg siRNA. In agreement with previous results,

SLX4 is recruited to RTEL1-deficient telomeres but only if telo-

merase is present. In contrast, depletion of RECQ1 or PARG in

Rtel1�/�Tert�/� cells triggered the recruitment of SLX1/4 to telo-

meres (Figures 6F and 6G). Collectively, these results raised the

possibility that telomerase aberrantly binds to and inhibits repli-

cation fork restart, which ultimately results in SLX1/4-dependent

telomere catastrophe in the absence of RTEL1.

Telomerase Binding to Reversed Replication Forks
Inhibits Replication at Telomeres
To determine whether telomerase binding to reversed replication

forks inhibits telomere replication in Rtel1-null cells, we em-

ployed SMARD (single-molecule analysis of replicated DNA)

(Drosopoulos et al., 2015; Norio and Schildkraut, 2001; Sfeir

et al., 2009) (Figure 7A). Quantification of CldU positive telo-

meres revealed a significant reduction in active replication forks

in Rtel1�/� Terc+/+ cells, when compared to control cells

(Figures 7B and 7C). Deleting telomerase from RTEL1-deficient

cells restored active telomere replication to levels comparable

to wild-type controls. Together with our previous observations

(Figures 3C and 3D), these data reveal that telomerase inhibits

replication specifically at telomeres in the absence of RTEL1.

Together with the reduction in telomere replication in telome-

rase-proficient Rtel1�/� cells, we predicted a corresponding

increase in the frequency of stalled/reversed forks within telo-

meres. To test this possibility, we employed PLA to examine

dysfunctional telomeres for the presence of PCNA, a key replica-
Figure 5. Rtel1 Telomeric Dysfunction Is Rescued by Blocking Replica

(A) Schematic of the process of replication fork reversal and the different genes

(B and C) Representative images (B) and quantification of the frequency (C) of PA

genotypes. Arrows indicate TelC-PARP1 colocalization events. Boxplots represe

(****p < 0.0001; two-way ANOVA).

(D and E) Quantification of telomere loss (D) and telomere fragility (E) per metaph

Boxplots represent the quantification from at least 30 metaphases from a repres

(F) Western blot analysis showing PARylated proteins in cells subject to the indic

(G and H) Quantification of telomere loss (G) and telomere fragility (H) per metaph

Representative images of telomere FISH on metaphases are shown in Figure S7

representative experiment (****p < 0.0001; two-way ANOVA).

(I) Representative images and quantification of the frequency of interaction betwe

subject to the indicated siRNA treatment. Data represent quantification from a

ANOVA). Dashed lines indicate nucleus (as determined by DAPI in blue).

See also Figures S3.
tion factor implicated in fork reversal (Vujanovic et al., 2017).

A significant increase in PLA signal for TRF1-PCNA was evident

at telomeres in the absence of RTEL1 (Figures 7D and 7E). The

enhanced TRF1-PCNA PLA signal is dependent on reversed

replication forks, as the PLA signal was largely eliminated by

blocking fork reversal with PARP inhibitor (Figures 7D and 7E)

or following downregulation of UBC13 or ZRANB3 (Figures 7F

and 7G). Finally, PLA for TERT and RAD51, an essential compo-

nent of the fork reversal machinery (Zellweger et al., 2015), re-

vealed an enhanced association at RTEL1-deficient telomeres,

which was dependent on fork reversal (Figures 7H, S7A, S7B,

and S7C). Collectively, these results reinforce our conclusion

that telomerase binds to reversed replication forks and hinders

replication at telomeres in cells that lack RTEL1.

DISCUSSION

Telomerase solves the end replication problem by extending

telomere repeats and is therefore essential for stem cell renewal

and tissue homeostasis. However, telomerase is a ‘‘double-

edged sword’’ as its re-expression in�90%of all human cancers

is sufficient to drive transformation and provide unlimited prolif-

erative capacity (Damle et al., 2004; Hultdin et al., 2003). Here,

we make the unexpected discovery that telomerase is also the

driver of telomere catastrophe in Rtel1-deficient cells. We estab-

lish that this pathological effect of telomerase results from its

aberrant binding and stabilization of reversed replication forks

within the telomere, which inhibits telomere replication. Once

bound by telomerase, the only option to resolve the stalled

replication fork is to recruit SLX1/4 to nucleolytically excise the

offending DNA secondary structure, which results in dramatic

consequences for the telomere.

Our conclusion that telomerase binds inappropriately to

reversed replication forks that form within telomeres in Rtel1-

null cells is supported by PLA and RNAscope experiments,

which revealed that telomerase binds aberrantly to telomeres

in these cells. PLA for TERT-RAD51 also placed telomerase in

close proximity to reversed replication forks in the absence of

RTEL1. Furthermore, blocking fork reversal by either PARP1 in-

hibition or knockdown of UBC13 or ZRANB3 abolished aberrant

telomerase binding to telomeres in Rtel1-null cells. In turn, this

prevented the accumulation of SLX1/4 at telomeres, which cat-

alyzes t-loop excision, overcame the toxic effect of telomerase
tion Fork Reversal

involved in fork reversal and fork restart.

RP1 foci (red) coincident with telomeres (TelC, green) in cells of the indicated

nt the quantification from at least 150 nuclei from a representative experiment

ase in cells of the indicated genotype 96 hr after Ad-GFP or Ad-Cre infection.

entative experiment (****p < 0.0001; two-way ANOVA).

ated PARP inhibitor treatments (5 mM Olaparib and 10 mM NU1025).

ase in cells of the indicated genotype 96 hr after Ad-GFP or Ad-Cre infection.

A. Boxplots represent the quantification from at least 30 metaphases from a

en TERT and TRF1 as determined by in situ PLA assay in Rtel1-deficient cells

t least 150 nuclei from a representative experiment (****p < 0.0001; two-way
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in Rtel1�/� cells, and suppressed telomere dysfunction. We pro-

pose that blocking fork reversal prevents the fork from slowing

and allows the replisome to replicate unimpeded through the

telomere displacing the t-loop in its wake (Figure S7D).

The importance of fork reversal for this phenomenon is also

supported by our analysis of fork restart activities in the context

of Rtel1 and telomerase deficiency. Depleting PARG or RECQ1,

which inhibit fork restart (Berti et al., 2013), mimics the patholog-

ical effect of telomerase and is sufficient to induce telomere

dysfunction in Rtel1�/�Tert�/� cells (Figure S7D). Since loss of

PARG or RECQ1 results in persistent/stabilized reversed forks

(Berti et al., 2013), we hypothesized that binding of telomerase

to the reversed fork would prevent efficient replication restart,

possibly by outcompeting fork restart activities. In agreement

with this possibility, analysis of replication dynamics at telo-

meres by SMARD demonstrated that telomerase inhibits active

telomere replication in cells lacking RTEL1, whereas removing

telomerase mitigates this effect. These results establish that

telomerase binding to reversed replication forks is inhibitory for

replication fork restart within telomeres.

It is important to consider that failure to unwind the t-loop in

cells lacking RTEL1 could impact on telomerase function in

two distinct ways: (1) it would restrict telomerase access to its

normal substrate—the 30 single-stranded G-overhang, and (2)

by inducing fork reversal, a telomeric 30 ssDNA overhang would

be generated on the regressed arm of the reversed fork, which

wouldmimic the normal substrate of telomerase but in the wrong

location within the telomere. Hence, the inability to access its

normal substrate together with the non-productive engagement

of telomerase with the regressed DSB arm of the reversed fork

would collectively hamper the ability of telomerase to solve the

end replication problem. Such a scenario provides a likely expla-

nation as to why extension of telomeres by telomerase is

compromised in mRtel1-deficient embryonic stem cells (ESCs)

(Uringa et al., 2012).

Biochemical studies have shown that telomerase also binds

with high affinity to telomeric G4-DNA structures (Moye et al.,

2015), which are unwound by RTEL1 in vitro (Vannier et al.,

2013). Telomerase binding of these DNA secondary structures

at a reversed fork could prevent their unwinding by RTEL1 and

hinder fork restart leading to fragile telomeres. Stalling of the re-

plisome at these telomeric DNA structures could be resolved

by polymerase re-priming downstream of the obstacle/lesion

(Yeeles and Marians, 2013), which would allow replication to

continue to the end of the telomere. However, even a single

fork stalling and re-priming event at a telomeric G4-DNA struc-
Figure 6. Prevention of Replication Fork Restart Mimics Telomerase-I

(A and B) Quantification of telomere loss (A) and telomere fragility (B) per metapha

treatment. Representative images of telomere FISH on metaphases are shown in

from a representative experiment (****p < 0.0001; two-way ANOVA).

(C) Western blot analysis showing PARylated proteins in cells of the indicated ge

(D and E) Quantification of telomere loss (D) and telomere fragility (E) per metaph

Representative images of telomere FISH on metaphases are shown in Figure S6

representative experiment (****p < 0.0001; two-way ANOVA).

(F and G) Representative images (F) and quantification of the frequency (G) of

indicated genotypes. Arrows indicate SLX4-TelG colocalization events. Boxplo

experiment (****p < 0.0001; two-way ANOVA).

See also Figure S6.
ture would leave a short region of un-replicated telomeric DNA,

which could explain why telomere fragility manifests as smeared

and/or multiple spatially distinct telomere FISH signals, consis-

tent with gaps/unreplicated regions within the telomere. In addi-

tion, this could also explain why fragile telomeres are associated

with anaphase bridges and mitotic catastrophe, which are

hallmarks of common fragile sites and incomplete replication

(reviewed in Gelot et al., 2015).

Our previous work established that the SLX1/4 nuclease is

responsible for catastrophic processing of telomeres in the

absence of RTEL1. We proposed at the time that nucleolytic pro-

cessing of the t-loop by SLX1/4 results in telomere shortening/

loss and length heterogeneity (Vannier et al., 2012). Our current

findings raise an alternative scenario; it is the 4-way junction at

the reversed fork that is processed by SLX1/4 rather than the

3-way junction at the t-loop. While the former is a possibility,

several lines of evidence suggest that it is persistent t-loops

rather than reversed forks that are processed by SLX1/4. First,

biochemical evidence has shown that SLX1/4 preferentially

cleaves a 3-way (e.g., t-loop) rather than a 4-way

junction (e.g., reversed fork) (Wyatt et al., 2013). Second, replica-

tion fork collapse is generally attributed to the action of

MUS81 not SLX1/4 (Wyatt et al., 2017). In this regard, we

previously demonstrated that telomere dysfunction still

occurs in Rtel1�/�Mus81�/� MEFs, which lends further support

to SLX4-dependent t-loop processing being the driver of telo-

mere catastrophe as opposed to MUS81-dependent collapse

of the reversed fork (Vannier et al., 2012).

Finally, our findings have implications for HHS patients

harboring Rtel1 mutations (Ballew et al., 2013a; Ballew et al.,

2013b; Le Guen et al., 2013; Walne et al., 2013). HHS is a

multi-systemic disorder associated with inter-uterine growth

retardation, microcephaly, developmental delay, immunodefi-

ciency, aplastic anemia, oral leukoplakia, nail dystrophy, and

skin pigmentation anomalies, which reflect in part a stem-cell

attrition problem in highly proliferative tissues. In light of our

data, stem cells will be particularly susceptible to loss of

RTEL1 as they possess high telomerase levels relative to differ-

entiated tissues. Currently, the only available treatment for HHS

patients is bone marrow transplantation, which mitigates bone

marrow failure and immunodeficiency (Vogiatzi et al., 2013).

Since the toxic effects of telomerase can be rescued by blocking

fork reversal, our results raise the possibility that progression of

HHS could be attenuated with PARP inhibitors, which are

currently in clinical use for the treatment of homologous recom-

bination-deficient breast and ovarian cancers.
nduced Telomere Dysfunction

se 96 hr after Ad-GFP or Ad-Cre infection in cells subject to the indicated siRNA

Figure S6D. Boxplots represent the quantification from at least 30 metaphases

notypes subject to control and Parg siRNA.

ase in cells of the indicated genotype 96 hr after Ad-GFP or Ad-Cre infection.

D. Boxplots represent the quantification from at least 30 metaphases from a

SLX4 (green) colocalizing with TelG (telomeres-red) per nuclei in cells of the

ts represent the quantification from at least 150 nuclei from a representative

Cell 172, 439–453, January 25, 2018 449



A

B C

D F

E G H

CldU 4h 1. DNA Isolation
2. MboI Digestion
3. Agarose Gel
4. Isolation of DNA in 
    telomeric size range

Digested 
genomic DNA

Telomeric 
restriction 
fragments

23
9.4
6.5
4.4

2.3
2

DNA Combing

Staining
anti-CldU

TelG

TelGanti-CldU

CldU Positive

CldU Negative

Merged

Analysis

Ad-GFP Ad-Cre

R
te

l1
f/f

 T
er

c+
/+

R
te

l1
f/f

 T
er

c-
/-

Rtel1f/f Terc+/+

P
LA

 P
C

N
A

-T
R

F1

A
d-

C
re

DMSO NU1025

P
LA

 P
C

N
A

-T
R

F1

A
d-

C
re

siControl siUbc13 siZranb3

Rtel1f/f Terc+/+

Rtel1f/f
Te

rc
+/+

Te
rc

-/-

Te
rc

+/+

Te
rc

-/-
0.3

0.4

0.5

0.6

0.7

0.8

R
at

io
 o

f C
ld

U
+

te
lo

m
er

ic
 fi

be
r s

Ad-GFP

Ad-Cre

Rtel1f/f Terc+/+

DMSO

NU10
25

DMSO

NU10
25

0

10

20

30

40

PC
N

A-
TR

F1
 P

LA
 s

ig
na

l p
er

 n
uc

le
i

Rtel1f/f Terc+/+
siC

on
tro

l

siU
bc

13

siZ
ran

b3

siC
on

tro
l

siU
bc

13

siZ
ran

b3
0

10

20

30

PC
N

A-
TR

F1
 P

LA
 s

ig
na

l p
er

 n
uc

le
i

Rtel1f/f Terc+/+

DMSO

NU10
25

DMSO

NU10
25

0

5

10

15

20

TE
R

T-
R

AD
51

 P
L A

 s
ig

na
l p

er
 n

uc
le

i

Ad-GFP

Ad-Cre

Figure 7. Telomerase Binding to Reversed Replication Forks Inhibits Replication at Telomeres

(A) Schematic representation of the SMARD protocol used to monitor replication dynamics at telomeres. The image shows CldU positive and negative

telomeric fibers.

(legend continued on next page)
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Goat Anti-Mouse IgG (H+L) Antibody,

Alexa Fluor555 Conjugated

Thermo Fisher Cat#A-21422; RRID: AB_141822

Goat Anti-Rat IgG (H+L) Antibody,

Alexa Fluor594 Conjugated

Thermo Fisher Cat#A-11007; RRID: AB_141374

Mouse Anti-BrdU Monoclonal Antibody,

FITC Conjugated, Clone B44

BD Biosciences Cat#347583; RRID: AB_400327

Mouse Monoclonal anti-PAR Enzo Life Sciences Cat#ALX-804-220-R100; RRID: AB_2052275

Mouse Monoclonal anti-PARP1 Santa Cruz Biotechnology Cat# sc-53643; RRID: AB_785086

Mouse Monoclonal anti-PCNA Santa Cruz Biotechnology Cat# sc-56; RRID: AB_628110

Mouse Monoclonal anti-TERT Novus Biologicals Cat#NB100-317; RRID: AB_2201588

Mouse Monoclonal anti-Tubulin Sigma-Aldrich Cat#T6074; RRID: AB_477582

Peroxidase-conjugated Goat anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat#G-21040; RRID: AB_2536527

Peroxidase-conjugated Goat anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat#G-21234; RRID: AB_2536530

Rabbit Anti-Mouse IgG (H+L) Antibody,

Alexa Fluor488 Conjugated

Thermo Fisher Cat#A-11059; RRID: AB_142495

Rabbit monoclonal anti-SLX4 Santa Cruz Biotechnology Cat#sc-135225; RRID: AB_10647085

Rabbit monoclonal anti-TPP1 Abcam Cat#ab195234

Rabbit monoclonal anti-TRF2 Cell Signaling Technology Cat#13136

Rabbit polyclonal anti-53BP1 Novus Biologicals Cat#NB100-304; RRID: AB_10003037

Rabbit polyclonal anti-PARP Cell Signaling Technology Cat#9542; RRID: AB_2160739

Rabbit polyclonal anti-RAD51 Abcam Cat#ab63801; RRID: AB_1142428

Rabbit polyclonal anti-RAD51 Millipore Cat#PC130; RRID: AB_2238184

Rabbit polyclonal anti-RTEL1 Novus Biologicals Cat#NBP2-22360

Rabbit polyclonal anti-TERT Abcam Cat#ab191523

Rabbit polyclonal anti-TRF1 Abcam Cat#ab1423; RRID: AB_301006

Rabbit polyclonal anti-UBC13 Cell Signaling Technology Cat#4919; RRID: AB_2211168

Rabbit polyclonal anti-Zranb3 Abclonal Cat#A9555

Rat polyclonal anti-BrdU Santa Cruz Biotechnology Cat#sc-56258; RRID: AB_781696

Chemicals, Peptides, and Recombinant Proteins

Adenovirus Ad-Cre-GFP Vector Biolabs Cat#1700

Adenovirus Ad-GFP Vector Biolabs Cat#1060

BIBR1532 Santa Cruz Biotechnology Cat#sc-203843

Biotin-00-(TTAGGG)4 PNA probe Discovery Peptides Cat#F2006

CldU Sigma-Aldrich Cat#C6891

EDTA-free Complete protease inhibitor cocktail Roche Cat#COEDTAF-RO

FITC-TelC 50-(CCCTAA)3-30 PNA probe PNA Bio-synthesis Cat#F1009

GRN163L Dr. Jerry Shay N/A

IdU Sigma-Aldrich Cat#I7125

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Low melting agarose Sigma-Aldrich Cat#A9414

NU1025 Sigma-Aldrich Cat#N7287

Olaparib Selleckchem Cat#S1060

Phi29 DNA Thermo Fisher Cat#EP0091

PhosSTOP phosphatase inhibitor cocktail Roche Cat#PHOSS-RO

TAMRA-TelG 50-(TTAGGG)3-30 PNA probe PNA Bio-synthesis Cat#F1006

Critical Commercial Assays

Duolink In Situ Red Starter Kit Mouse/Rabbit Sigma-Aldrich Cat#DUO92101

FiberPrep (DNA Extraction Kit) Genomic Vision Cat#EXTR-001

Lipofectamine RNAiMAX Thermo Fisher Cat#13778150

ProLong Gold antifade with DAPI Thermo Fisher Cat#P36931

QIAprep Spin Miniprep Kit QIAGEN Cat#27106

QuikChange Lightning Site-Directed Mutagenesis kit Agilent Genomics Cat#210518

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Cat#K1622

RNAscope ACD Cat#322350

RNeasy Mini Kit QIAGEN Cat#74106

SYBR Green PCR Master Mix Thermo Fisher Cat#4309155

TeloTAGGG Telomerase PCR ELISAPLUS Sigma-Aldrich Cat#000000012013789001

TeloTAGGG Telomere Length Assay kit Sigma-Aldrich Cat#000000012209136001

Experimental Models: Mouse Strains

Rtel1f/f Wu et al., 2007 N/A

Terc+/� Lee et al., 2001 N/A

Experimental Models: Cell Lines

Mouse Adult Fibroblasts Rtel1f/f Terc+/+ or Terc�/� This study N/A

Mouse Embryonic Fibroblasts Rtel1f/f Vannier et al., 2012 N/A

Mouse Embryonic Fibroblasts Trf2F/- Gift of Titia de Lange.

Celli and de Lange, 2005

N/A

Oligonucleotides

Individual: ON-TARGETplus Parg siRNA Dharmacon Cat#J-044091-09

Targeted Region:ORF

Individual: ON-TARGETplus PARG siRNA Dharmacon Cat#J-044091-10

Individual: ON-TARGETplus Recql siRNA Dharmacon Cat#J-044778-09

Targeted Region:ORF

Individual: ON-TARGETplus Recql siRNA Dharmacon Cat#J-044778-10

Targeted Region:ORF

Individual: ON-TARGETplus Ube2n siRNA Dharmacon Cat#J-064604-09

Targeted Region:30UTR

Individual: ON-TARGETplus Ube2n siRNA Dharmacon Cat#J-064604-10

Targeted Region:30UTR

Individual: ON-TARGETplus Zranb3 siRNA Dharmacon Cat#J-044003-05

Targeted Region:Non-Coding,ORF

Individual: ON-TARGETplus Zranb3 siRNA Dharmacon Cat#J-044003-06

Targeted Region:Non-Coding,ORF

ON-TARGETplus Non-targeting Control Pool Dharmacon Cat#D-001810-10

SMARTpool: ON-TARGETplus Dkc1 siRNA Dharmacon Cat#L-059410

SMARTpool: ON-TARGETplus Parg siRNA Dharmacon Cat#L-044091-01

SMARTpool: ON-TARGETplus Parp1 siRNA Dharmacon Cat# L-040023-00

SMARTpool: ON-TARGETplus Recql siRNA Dharmacon Cat#L-044778-01

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

SMARTpool: ON-TARGETplus Tpp1 siRNA Dharmacon Cat#L-057987-01

SMARTpool: ON-TARGETplus Ube2n siRNA Dharmacon Cat#L-064604-01

SMARTpool: ON-TARGETplus Wrap53 siRNA Dharmacon Cat#L-051908-01

SMARTpool: ON-TARGETplus Zranb3 siRNA Dharmacon Cat#L-044003-00

Recombinant DNA

LentiCRISPRv2 Dr. Feng Zhang lab.

Sanjana et al., 2014

Cat#52961

pBABE-Hygro Dr. Hartmut Land’s lab.

Morgenstern and Land, 1990

Cat#1765

pLVX-TetOne Takara Cat#631847

Software and Algorithms

Adobe Photoshop CC Adobe http://www.adobe.com/es/products/

photoshop.html

GraphPad Prism 7 GraphPad https://www.graphpad.com/

ImageJ NIH https://imagej.nih.gov/ij/

Volocity 6.3 PerkinElmer http://cellularimaging.perkinelmer.

com/downloads/detail.php?id=14
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to andwill be fulfilled by the LeadContact, Simon J. Boulton (simon.

boulton@crick.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Isolation of MAFs and Cell Culture Procedures
Source of cell lines used in the study is reported in the reagent and resource table. Rtel1f/f mice (described in (Wu et al., 2007)) were

crossed with early generation Terc+/� mice (described in (Lee et al., 2001)). All mice were housed and maintained according to the

Home Office guidance outlined in the Animal (Scientific Procedures) Act 1986. Mouse adult ear fibroblasts (MAFs) cell lines

were derived from male aged matched Rtel1f/fTerc+/+ and Rtel1f/fTerc�/� sibling mice. SV40-LT-immortalized as well as primary

Rtel1f/fTerc+/+ and Rtel1f/fTerc�/� MAFs, SV40-LT-immortalized Rtel1f/f (Vannier et al., 2012) and Trf2f/- (Celli and de Lange, 2005)

a gift from Titia de Lange, The Rockefeller University) MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 15% fetal bovine serum (Invitrogen), L-glutamine, and penicillin-streptomycin. Deletion of floxed alleles in Rtel1f/f and

Trf2f/- cells was carried out with either Ad-GFP or Ad-GFP-Cre adenovirus (Vector Biolabs). Cells were genotyped by PCR at 96 hr

post-infection to confirm gene deletion. Olaparib (Selleckchem) and NU1025 (Sigma) were used at 5mM and 10mM, respectively, for

48 hours prior to cell collection. GRN163L (a gift from Jerry Shay, UT Southwestern) and BIBR1532 (Santa Cruz) were used at 2mM

and 10mM, respectively, for 48 hours prior to cell collection.

METHOD DETAILS

Expression vectors
The mouse Terc cDNA was generated by PCR and subcloned into pLVX-TetOne lentiviral expression vector or into pBABE-Hygro

retroviral expression vector. The mouse Tert cDNA was generated by PCR and subcloned into pBABE-Hygro retroviral expression

vector. TERT mutants (T557M, K560N, K78E, and R132E) were then generated using the QuikChange Lightning Site-Directed Muta-

genesis kit (Agilent Technologies) according to the manufacturer’s instructions. The generated mutants were verified by sequencing

to screen against spurious secondary mutations.

In Situ Proximity Ligation Assay
Cells were plated on coverslips at density 5 3 104 in 24-well plates and left in culture conditions overnight. The next day cells were

pre-extracted in CSK buffer (10 mM PIPES [pH 6.8], 100 mM NaCl, 300 mM sucrose, 3 mM magnesium chloride, 1 mM EGTA, and

0.5% Triton X-100) fixed with 5% formaldehyde (Thermo Scientific) for 10 min, permeabilized with PBS containing 0.5% (v/v) NP-40

for 5 min, and blocked for 30 min with goat serum (5%) in PBS. PLA was performed following the manufacturer’s instructions using
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the Duolink anti-Mouse MINUS and anti-Rabbit PLUS In Situ PLA probes and the Duolink In Situ Detection Reagents Red (Olink

Bioscience). Images were acquired with a Zeiss Axio Imager M1 microscope equipped with an ORCA-ER camera (Hamamatsu)

and analyzed using Volocity 6.3 software (Improvision).

Cell lysis and western blotting
Cells were rinsed twice with PBS, transferred to ice-cold NET lysis buffer (50mM Tris (pH 7.2) 150 mM NaCl, 0.5% NP-40, 1x EDTA-

free Complete protease inhibitor cocktail (Roche), 1x PhosSTOP phosphatase inhibitor cocktail (Roche) and lysed for 10 minutes on

ice. The cell lysates were then briefly vortexed and passed through a 23G syringe five times. The soluble protein fractions were

collected after centrifugation at 16000 x g for 10 minutes at 4�C. Protein lysates were analyzed by western blotting using standard

SDS–polyacrylamide gel electrophoresis (SDS-PAGE) techniques. In brief, protein samples were boiled in Laemmli buffer, run in 4%–

12% polyacrylamide gels, and transferred onto polyvinylidene difluoride membranes. The membranes were incubated overnight at

4�C with the appropriate primary antibodies. After being washed, the membranes were incubated with specific secondary horse-

radish peroxidase–linked antibodies from Dako and visualized using the enhanced chemiluminescence reagent from Amersham.

PNA FISH, Immunofluorescence-FISH, and RNAscope
Telomeric Peptide Nucleic Acid Fluorescence In Situ Hybrydysation (PNA FISH) was performed as described previously (Lansdorp

et al., 1996). Briefly, cells were treated with 0.2 mg/ml of colcemid for 90 minutes to arrest cells in metaphase. Trypsinized cells were

incubated in 75mMKCL, fixedwithmethanol:acetic acid (3:1), and spread on glass slides. To preserve chromosome architecture the

slides were rehydrated in PBS for 5 minutes, fixed in 4% formaldehyde for 5minutes, treated with 1mg/ml of pepsin for 10minutes at

37�C, and fixed in 4% formaldehyde for 5 minutes. Next, slides were dehydrated in 70%, 85%, and 100% (v/v) ethanol for 15minutes

each and then air-dried. Metaphase chromosome spreads were hybridized with telomeric FITC-TelC 50-(CCCTAA)3-30 PNA probe or

TAMRA-TelG 50-(TTAGGG)3-30 PNA probe (Bio-synthesis) and slides were mounted using ProLong Gold antifade with DAPI (Life

Technologies). Chromosome images and telomere signals were captured using Zeiss Axio Imager M1 microscope equipped with

an ORCA-ER camera (Hamamatsu) controlled by Volocity 6.3 software (Improvision). For IF-FISH, cells grown on #1.5 glass cover-

slips were fixed for 10 minutes in 2% (wt/vol) formaldehyde (Thermo Scientific). Cells were washed twice for 5 min in PBS, incubated

for 30 min in blocking solution (1 mg/ml BSA, 3% goat serum, 0.1% Triton X-100, 1 mM EDTA in PBS), and then incubated overnight

with primary antibody against 53BP1 or SLX4 and secondary antibody anti-mouse Alexa Fluor 488/555 secondary antibody (Molec-

ular Probes) for 1 hr and 30 min, in blocking solution with 5 min washes in PBS in-between. After dehydration of the cells, FISH

experiments were performed as described above. Slides were mounted with ProLong Gold antifade containing DAPI and images

were acquired with an Olympus FLV1000 inverted microscope equipped with a 63X oil objective. Following acquisition, images

were imported into ImageJ (NIH) and Adobe Photoshop CS5 for manual quantitation. RNAscope (Advanced Cell Diagnostics,

Hayward, CA) was performed following the manufacturer instructions using a probe against mouse Terc RNA.

DNA combing
DNA combing was performed essentially as described in (Vannier et al., 2013). Briefly, Rtel1f/fTerc+/+ and Rtel1f/fTerc-/ MAFs were

infected with control- or Cre-expressing adenovirus. Cells were pulse-labeled with IdU/CldU for 20 minutes, each pulse. DNA fibers

were extracted in agarose plugs and stretched on silanized coverslips with the molecular combing system (Genomic Vision). CldU

was detected with rat anti-BrdU antibody (BU1/75, AbCys), followed by goat anti-rat coupled to Alexa 594 (A11007, Molecular

Probes) and finally by chicken anti-goat coupled to Alexa 594 (A21468, Molecular Probes). IdU was detected with Mouse anti-

BrdU coupled to FITC antibody (BD44, Becton Dickinson), followed by rabbit anti-mouse coupled to Alexa 488 (A11059, Molecular

Probes) and finally by donkey anti-rabbit coupled to Alexa 488 (A21206, Molecular Probes). DNA fibers were captured with a Zeiss

Axio Imager M1 microscope equipped with an ORCA-ER camera (Hamamatsu) controlled by Volocity 6.3 software (Improvision).

siRNA and CRISPR
Cells were transfected with control siRNA or siRNA SMARTpool (Dharmacon) for the indicated gene 72 hours prior to cell collection

using RNAiMAX (Thermo) following the manufacturer instructions. 24 hours after transfection media containing siRNA was

substituted for freshmedia. For the generation of CRISPR clones, guide RNAs for each gene were cloned into LentiCRISPRv2 vector.

Rtel1f/f MEFs were infected with the different gRNAs and selected with puromycin. Single cells were then seeded in 96-well plates

until clones were large enough for genomic sequencing and TRAP assay.

Telomere Circle assay
Cells grown at a confluence between 70 to 80% were collected from two 10 cm dishes. To isolate genomic DNA, cells were then

resuspended in TNE (10 mM Tris pH 7.4, 10 mM EDTA, 100 mM NaCl) and lysed in TNES (10 mM Tris pH 7.4, 100 mM NaCl,

10 mM EDTA, 1% SDS) in the presence of 100 mg/ml proteinase K. After overnight incubation with proteinase K at 37�C, and
phenol/chloroform extraction, DNA was precipitated with isopropanol and resuspended in TE (10 mM Tris pH 7.5/1 mM EDTA).

RNase A treatment, phenol/chloroform extractions and isopropanol precipitation followed. 3 mg of genomic DNA was digested

with AluI/Hinf1 and resuspended in an annealing buffer (0.02 M Tris [pH 7.5], 0.02 M KCl, and 0.1 mM EDTA) with 1 mM Thio-TelC

primer containing thiophosphate linkages between the three 30 terminal nucleotides. The mix was denatured at 96�C for 5 min
Cell 172, 439–453.e1–e5, January 25, 2018 e4



and cooled down to 25�C for 2 hr. DNA was ethanol precipitated and resuspended in 20 mL of the TCA reaction buffer (33 mM Tris-

acetate [pH 7.9], 10 mM magnesium acetate, 66 mM potassium acetate, 0.1% Tween 20, 1 mM DTT, and 0.37 mM dNTPs). Primer

extension was carried out with 7.5 U of f29 DNA polymerase (Thermo Scientific) at 30�C for 12 hr. The f29 DNA polymerase was

inactivated by incubation at 65�C for 20 min. The extension products were separated by denaturing gel electrophoresis (0.8%

agarose, 50 mMNaOH, and 1 mM EDTA [pH 8]) at 2 V/cm for 18 hr, transferred onto a nylon membrane, and Southern blotting mem-

brane was hybridized with a g[32P]-labeled Thio-TelC 50-CCCTAACCCTAACCCTAAccc-30 telomeric probe (small letters indicate

two thiophosphate linkages between the three 30 terminal nucleotides). Southern blot images were captured with a Storm 840 scan-

ner. Telomere circle levels were quantified in Image J and were normalized to control reactions lacking Phi29 polymerase.

Telomere Length Analysis and Telomerase Repeated Amplification Protocol
Telomere length measurements were performed using the TeloTAGGGTM Telomere Length Assay kit from Roche and following man-

ufacturer’s instructions. TRAP assay was performed using TeloTAGGGTM Telomerase PCR ELISAPLUS kit fromRoche and following

manufacturer’s instructions.

Quantitative RT-PCR
Cells were harvested and total RNA was isolated using TRIzol reagent following the manufacturer’s protocol. After digestion with

RNase-free DNase I at 37�C for 30min, reverse transcription was carried out with 1 mg total RNA with random hexamer primers using

RevertAid First Strand cDNA Synthesis Kit. Equal amounts of cDNA were mixed with iTaq SYBR Green Supermix and run on a Bio

Rad CFX96 qPCR System. mRNA expression levels for the genes of interest were compared with B-Actin expression levels.

Single Molecule Analysis of Replicated DNA
The SMARD assay was performed essentially as described previously (Sfeir et al., 2009). Cells were labeled with 30 mM CldU for

4 hours, harvested and plugs containing 1x106 cells were prepared in low melting agarose (Sigma). DNA plugs were processed

for SMARD as described previously (Sfeir et al., 2009). DNA fibers were extracted from the plugs and combed onto silanized

coverslips using the FiberPrep DNA extraction kit and the molecular combing system (Genomic Vision), according to the manufac-

turer’s instructions. Combed fibers were then denatured in alkali-denaturing buffer (0.1 N NaOH in 70% ethanol and 0.1% b-mercap-

tothanoland) for 12 minutes and fixed by adding 0.5% glutaraldehyde for 5 minutes. Telomeric DNA was identified by hybridizing

with a Biotin-00-(TTAGGG)4 PNA probe and Alexa Fluor 350-conjugated NeutrAvidin antibody (Molecular Probes) followed by

biotinylated anti-avidin antibody (Vector). Halogenated nucleotides were detected with a rat anti-BrdU monoclonal antibody

(BU1/75, AbCys). Alexa Fluor 594-conjugated goat anti-rat (A11007, Molecular Probes) was used as a secondary antibody. Images

were acquired using a Zeiss AxioImager M1, equipped with a Hamamatsu digital camera and the Volocity software (Perkin Elmer).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters, including number of events quantified, standard deviation, and statistical significance are reported in the fig-

ures and in the figure legends. Statistical analysis has been performed using GraphPad Prism7 software (GraphPad) and statistical

significance is determined by the value of p < 0.05 by Two-Way ANOVA test. Each experiment has been repeated at least twice.
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Figure S1. Terc Deletion Rescues Telomere Dysfunction in Rtel1-Deficient Cells, Related to Figure 1

(A) RTEL1 genotyping PCR on DNA derived from MAFs of the indicated genotypes 96 hours after infection. PCR products: flox, 812 bp; null, 777 bp.

(B) Western Blot analysis of the different genotypes to monitor loss of endogenous RTEL1 96 hours after Cre infection.

(C) Representative images of the telomere phenotypes observed in Figure 1A. Images show a representative metaphase telomere FISH of the indicated ge-

notypes from SV40-LT (T1 and T2) and primary (C3 and C4) cells. Telomere loss, indicated with yellow arrows; telomere fragility, indicated with red arrows;

telomere length heterogeneity, indicated with white arrows.

(D) Quantification of T-circle formation in cells from the indicated. Error bars indicate ± SD from three independent experiments.

(E) Telomere length analysis of cells from the indicated genotypes.
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Figure S2. Deletion of Terc or Tert Prevents Telomere Dysfunction and Suppresses SLX4 Recruitment to Telomeres, Related to Figure 2

(A) Analysis of telomerase activity determined by TRAP assay in the different indicated clones. Telomerase activity was measured relative to the control and

normalized to the internal standard (IS).

(B) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(C) Telomere length analysis of cells from the indicated genotypes.

(D) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of Terc gene. Data aremeans ±SD normalized to the expression b–Actin and

relative to Rtel1f/fTerc+/+ cells.

(E) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(F) Gel image showing expression of Terc in the different genotypes compared to b–Actin. On the right, quantitative reverse transcription polymerase chain

reaction (qRT-PCR) analysis of Terc gene. Data are means ± SD normalized to the expression b–Actin and relative to Rtel1f/fTerc+/+ cells.

(G andH) Quantification of telomere loss (G), telomere fragility (H), and telomere length heterogeneity (I) permetaphase 96 hours after Ad-GFP or Ad-Cre infection.

Boxplots represent the quantification from at least 30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).
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Figure S3. Stabilization of DNA Secondary Structures Leads to Aberrant Accumulation of Telomerase at Telomeres, Related to Figure 4

(A) Analysis of telomerase activity determined by TRAP assay in the different indicated genotypes. Error bars indicate ± SD from two independent experiments.

(B and C) Quantification of the interaction between TERT and TRF2 as determined by in situ PLA assay in the cells indicated. Data represents quantification from

at least 150 nuclei from a representative experiment (****p < 0.0001; two-way ANOVA). Dashed lines indicate nucleus (as determined by DAPI in blue).

(D and E) Representative images and quantification of the localisation of Terc RNA (red) at telomeres (TelC-Green) as determined by in situ RNAscope assay

coupled to telomere FISH in cells of the indicated genotype. Arrows indicate colocalization between Terc RNA and TelC (telomere). Data represents quantification

from at least 150 nuclei from a representative experiment (****p < 0.0001; two-way ANOVA).
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Figure S4. Stabilization of DNA Secondary Structures Leads to Aberrant Accumulation of Telomerase at Telomeres, Related to Figure 4

(A) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(B) qRT-PCR analysis of the indicated genes. Data are means ± SD normalized to the expression b–Actin and relative to control. (**p < 0.01***p < 0.001; two-

way ANOVA).

(C) Western Blot analysis of the different genotypes to monitor loss of endogenous TPP1 96 hours after Cre infection.

(D) Images show a representative metaphase telomere FISH of the indicated drug treatments. Telomere loss, indicated with yellow arrows; telomere fragility,

indicated with red arrows; telomere length heterogeneity, indicated with white arrows.

(E and F) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection in cells treated with GRN163L (E) or BIBR1532

(F). Boxplots represent the quantification from at least 30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(G) Western Blot analysis of the different genotypes to monitor expression of TERT.

(H) Images show a representative metaphase telomere FISH of the indicated genotypes. Telomere loss, indicated with yellow arrows; telomere fragility, indicated

with red arrows; telomere length heterogeneity, indicated with white arrows.

(I) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).
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Figure S5. Rtel1 Telomeric Dysfunction Is Rescued by Blocking Replication Fork Reversal, Related to Figure 5

(A) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(legend continued on next page)



(B and D) Quantification of telomere loss (B), telomere fragility (C), and telomere length heterogeneity (D) per metaphase 96 hours after Ad-GFP or Ad-Cre

infection. Boxplots represent the quantification from at least 30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(E) Western Blot analysis of the different genotypes to monitor loss of endogenous PARP1 96 hours after Cre infection, as well as total PARylated proteins.

(F) Images show a representative metaphase telomere FISH of the indicated genotypes. Telomere loss, indicated with yellow arrows; telomere fragility, indicated

with red arrows; telomere length heterogeneity, indicated with white arrows.

(G) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(H) Western Blot analysis of the different genotypes to monitor loss of endogenous UBC13 (left) and ZRANB3 (right) 96 hours after Cre infection.

(I and K) Quantification of telomere loss (I), telomere fragility (J), and telomere length heterogeneity (K) per metaphase 96 hours after Ad-GFP or Ad-Cre infection.

Boxplots represent the quantification from at least 30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(L) Quantification of the interaction between TERT and TRF1 as determined by in situ PLA assay in the different indicated treatments. Data represents quanti-

fication from at least 150 nuclei from a representative experiment (****p < 0.0001; two-way ANOVA).

(M) Analysis of telomerase activity determined by TRAP assay in the presence of BSA or recombinant RTEL1. Telomerase activity was measured relative to the

control and normalized to the internal standard (IS).
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Figure S6. Prevention of Replication Fork Restart Mimics Telomerase-Induced Telomere Dysfunction, Related to Figure 6

(A) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(B) qRT-PCR analysis of Recq1 gene. Data are means ± SD normalized to the expression b–Actin and relative to control. (****p < 0.0001; two-way ANOVA).

(C) Quantification of telomere length heterogeneity per metaphase 96 hours after Ad-GFP or Ad-Cre infection. Boxplots represent the quantification from at least

30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).

(D) Images show a representative metaphase telomere FISH of the indicated genotypes. Telomere loss, indicated with yellow arrows; telomere fragility, indicated

with red arrows; telomere length heterogeneity, indicated with white arrows.

(E–G) Quantification of telomere loss (E), telomere fragility (F), and telomere length heterogeneity (G) per metaphase 96 hours after Ad-GFP or Ad-Cre infection.

Boxplots represent the quantification from at least 30 metaphases from a representative experiment (****p < 0.0001; two-way ANOVA).
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Figure S7. Telomerase Binding to Reversed Replication Forks Inhibits Replication at Telomeres, Related to Figure 7

(A) Representative images (from Figure 7H) of the interaction between TERT and RAD51 (using ab63801, Abcam) determined by in situ PLA assay in the different

indicated treatments. Dashed lines indicate nucleus (as determined by DAPI in blue).

(B and C) Representative images and quantification of the interaction between TERT and RAD51 (using PC130, Millipore) determined by in situ PLA assay in the

different indicated treatments. Data represents quantification from at least 150 nuclei from a representative experiment (****p < 0.0001; two-way ANOVA). Dashed

lines indicate nucleus (as determined by DAPI in blue).

(D) Schematic model of the impact of fork reversal and telomerase at telomeres in cells of the indicated genotypes. In WT cells, RTEL1 dismantles t-loops in

S-phase to allow replication to occur unimpeded through the telomere. In Rtel1�/� cells, persistent T-loops hinder the replisome and trigger replication fork

reversal within the telomere. The resulting single ended DSB of the reversed fork is bound by telomerase, which stabilize the reversed fork and blocks fork restart.

In an attempt to remove the impasse to the replisome, SLX1/4 is recruited to the telomere where it cleaves off the t-loop resulting in the telomere dysfunction

observed in Rtel1�/� cells. In cells lacking telomerase or inhibited for fork reversal, the replisome proceeds through the telomere and displaces the t-loop in its

wake to complete telomere replication.
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