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SUMMARY

We have applied a super-resolution fluorescence imaging method, STochastic Optical

Reconstruction Microscopy (STORM), to visualize the structure of functional telomeres and

telomeres rendered dysfunctional through removal of shelterin proteins. The STORM images

showed that functional telomeres frequently exhibit a t-loop configuration. Conditional deletion of

individual components of shelterin showed that TRF2 was required for the formation and/or

maintenance of t-loops, whereas deletion of TRF1, Rap1, or the POT1 proteins (POT1a and

POT1b) had no effect on the frequency of t-loop occurrence. Within the shelterin complex, TRF2

uniquely serves to protect telomeres from two pathways that are initiated on free DNA ends:

classical non-homologous end-joining (NHEJ) and ATM-dependent DNA damage signaling. The

TRF2-dependent remodeling of telomeres into t-loop structures, which sequester the ends of

chromosomes, can explain why NHEJ and the ATM signaling pathway are repressed when TRF2

is present.

INTRODUCTION

The telomere concept arose from cytological data indicating that natural chromosome ends

are resistant to a fusion reaction that joins broken chromosomes (McClintock, 1938;

McClintock, 1941). DNA ends of linear plasmids, when introduced into cells, recombine

with chromosomal DNA (Orr-Weaver et al., 1981) and double strand breaks (DSBs),

induced by genotoxic agents, activate a signaling pathways that can halt cell cycle

progression (reviewed in (Callegari and Kelly, 2007)). As the natural ends of chromosomes

are stable and do not activate the DNA damage response (DDR), a view has emerged that

telomeres have an inherent ability to repress inappropriate DSB repair and DNA damage
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signaling. How telomeres solve this end-protection problem is a question relevant to

understanding telomeropathies and the role of telomere dysfunction in human cancer

(reviewed in (Artandi and DePinho, 2010; Savage and Bertuch, 2010)).

Mammalian cells solve the end-protection problem through the agency of shelterin, a multi-

subunit protein complex bound to the telomeric TTAGGG repeats (reviewed in (Palm and

de Lange, 2008; O'Sullivan and Karlseder, 2010)). Shelterin is anchored on the telomeric

DNA by two duplex DNA binding factors, TRF1 and TRF2. These two proteins interact

with TIN2, which in turn binds the TPP1-POT1 heterodimer. In the mouse, there are two

functionally distinct forms of POT1, POT1a and POT1b. Once tethered to telomeres through

this TPP1-TIN2 link, the POT1 proteins bind the single-stranded TTAGGG repeats present

at all mammalian chromosome ends in the form of a 50-400 nucleotide (nt) 3’ overhang. An

additional member of the shelterin complex, Rap1, associates with TRF2.

Simultaneous deletion of TRF1 and TRF2 from mouse embryo fibroblasts (MEFs) has

allowed the creation of telomeres devoid of all shelterin proteins (Sfeir and de Lange, 2012).

These shelterin-free telomeres are equivalent to the unprotected DNA ends, whose

instability provided the first clues to telomere function. Together with prior data, this

telomere deconstruction established that the telomeric DNA at the ends of mouse

chromosomes is potentially a substrate for four distinct DSB processing reactions: classical

Ku70/80- and DNA ligase 4-dependent NHEJ (c-NHEJ), micro-homology-dependent

alternative NHEJ (a-NHEJ) mediated by PARP1 and DNA ligase 3, homology-directed

repair (HDR), and CtIP-dependent 5’ end resection. In addition, the shelterin-free telomeres

activate DSB signaling by the ATM and ATR kinase pathways. Thus, telomeres require

protection from six distinct pathways that together define the telomere end-protection

problem in mammalian cells.

Among these six pathways, c-NHEJ and ATM kinase signaling are the purview of TRF2

(Karlseder et al., 1999; van Steensel et al., 1998; Celli and de Lange, 2005; Denchi and de

Lange, 2007; Smogorzewska et al., 2002). Deletion of TRF2 results in activation of the

ATM kinase cascade at telomeres and very frequent c-NHEJ that generates long trains of

chromosomes fused at their telomeres. Deletion of other shelterin components does not

produce these phenotypes. Removal of POT1a results in activation of the ATR kinase

whereas POT1b loss changes post-replicative processing of the telomere terminus, resulting

in extended 3’ overhangs (Denchi and de Lange, 2007; Hockemeyer et al., 2008;

Hockemeyer et al., 2006; Wu et al., 2012; Guo et al., 2007). Even at telomeres lacking both

POT1a and POT1b or their TPP1 tether, ATM kinase signaling is not elicited and telomere

fusions are infrequent (Kibe et al., 2010; Tejera et al., 2010; Denchi and de Lange, 2007).

Similarly, deletion of TRF1 does not activate ATM signaling or c-NHEJ, although TRF1

removal compromises the replication of the telomeric DNA and activates the ATR kinase

(Sfeir et al., 2009; Martinez et al., 2009). Likewise, telomeres lacking Rap1 do not activate

the ATM kinase and remain impervious to NHEJ (Sfeir et al., 2010; Martinez et al., 2010).

However, the outcome of TIN2 deletion is complex and includes ATM kinase signaling and

c-NHEJ, but this is in part due to the loss of TRF2 from telomeres (Takai et al., 2011).
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The mechanism by which TRF2 represses ATM kinase signaling and c-NHEJ has not been

established. Electron microscopy (EM) of isolated telomeric DNA has revealed that

telomeres can exhibit a t-loop configuration (Griffith et al., 1999). T-loops are lariat

structures formed through the invasion of the telomeric 3’ overhang into the double-stranded

telomeric repeat array. Because t-loops essentially sequester the terminus of the telomere, it

has been proposed that this altered architecture could block DDR reactions that require an

accessible DNA end for their activation (de Lange, 2009).

Several in vitro studies have implicated a role for TRF2 in t-loop formation. Recombinant

TRF2 can remodel artificial telomeric DNA substrates into a looped configuration in vitro,

suggesting that TRF2 has the ability to generate t-loops (Griffith et al., 1999; Stansel et al.,

2001). TRF2 also promotes supercoiling in telomeric DNA and induces strand invasion in

vitro, possibly by unwinding nearby sequences (Amiard et al., 2007; Poulet et al., 2009;

Verdun and Karlseder, 2006). Finally, TRF2 can bind and protect Holliday junctions (HJ) in

vitro, even when they are not composed of telomeric DNA (Fouche et al., 2006; Poulet et

al., 2009; Nora et al., 2010). Thus, it is possible that TRF2 can promote t-loop formation by

mediating strand-invasion of the telomere end and stabilizing the resulting the HJ-like

structure. However, whether t-loops form in vivo and, if so, whether TRF2 is involved in

their formation or maintenance has not been established.

The t-loop model of TRF2-mediated repression of ATM signaling and NHEJ predicts that

deletion of TRF2 will diminish or eliminate t-loops at chromosome ends. In vivo detection

of t-loops and quantitative assessment of t-loop frequency have, however, been hampered by

technical challenges. Detection of t-loops by EM analysis requires the preparation of

protein-free genomic DNA, which has been interstrand crosslinked in order to stabilize the

strand-invasion of the 3’ overhang. Because telomeric DNA cannot be distinguished from

other genomic DNA in EM images, telomeric sequences have to be enriched. This partial

purification is achieved by fragmentation of the genomic DNA with restriction enzymes that

spare TTAGGG repeats, followed by purification of the long telomeric fragments on a

Biogel sizing column (Griffith et al., 1999). Although the resulting fractions are highly

enriched for telomeric DNA, they are contaminated with variable amounts of non-telomeric

DNA fragments, introducing uncertainty with regard to the frequency of t-loops. More

importantly, the large quantity of genomic DNA required for the purification steps has so far

prevented systematic genetic analysis of the proteins required for t-loop formation.

To address whether t-loops occur in cells and whether TRF2 and other shelterin proteins

play a role in the formation and/or maintenance of t-loops, we turned to a super-resolution

fluorescence imaging method, STORM. STORM relies on stochastic switching and high-

precision localization of individual photoswitchable fluorescent probes to achieve imaging

with sub-diffraction-limit resolution (Rust et al., 2006). Recent advances in STORM have

allowed imaging of cellular structures with near molecular-scale resolution (Huang et al.,

2010). Being a fluorescence imaging approach, STORM is compatible with methods that

fluorescently label and identify specific DNA sequences. In particular, when combined with

fluorescence in situ hybridization (FISH) here, STORM allowed us to image the telomeric

DNA in situ without the need of purification, to directly visualize the t-loop structure in

chromatin, and to systematically assess the role of shelterin components in t-loop formation.
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Our results unambiguously demonstrate that, among the shelterin proteins, TRF2 is the main

component that is required for the formation/maintenance of t-loops.

RESULTS

STORM imaging of mouse telomeres

To visualize telomeres in fixed mouse cells, we employed a peptide nucleic acid (PNA)

FISH probe that was complementary to the TTAGGG repeats and labeled with a

photoswitchable dye. We used astigmatism-based three-dimensional (3D) STORM imaging

to determine the x, y, and z coordinates of individual probes and reconstruct images with a

resolution of ~20 nm in xy directions and ~50 nm in the z direction (Huang et al., 2008b). In

conventional images, the telomeres of MEFs detected by FISH appeared as diffraction-

limited entities (Fig. 1A). In STORM images, individual telomeres were readily separated

and appeared as ovoid signal clusters with a mean diameter of ~180 nm, but with little

discernable substructure (Fig. 1A-C). This size estimate for the unperturbed telomeric

domains is consistent with the results obtained by immuno-gold detection of telomeric DNA

in EM images of interphase cells (Luderus et al., 1996; Pierron and Puvion-Dutilleul, 1999).

As mammalian telomeres are known to associate with the nuclear matrix (Luderus et al.,

1996; de Lange, 1992), we considered the possibility that disruption of this interaction might

relax the telomeric chromatin and allow the visualization of the underlying DNA structure.

The telomeres in mouse splenocytes are not bound to the nuclear matrix and telomere-

enriched chromatin fragments purified from these cells show lariat structures (Nikitina and

Woodcock, 2004). We therefore tested whether splenocytes yield a more open structure of

telomeres that can be detected by STORM imaging. Indeed, we occasionally detected

extended telomeres in minimally perturbed mouse splenocyte nuclei fixed after

cytocentrifugation, which releases chromatin from some of these fragile nuclei. A subset of

these ‘relaxed‘ telomeres exhibited a looped configuration (Fig. 1D), suggesting that t-loops

indeed exist in vivo. However, as most cells showed telomeres with a compact shape,

quantification of the t-loop frequency was difficult. Furthermore, compared to MEFs, mouse

splenocytes are suboptimal for dissecting the genetic requirements for t-loop formation.

To better evaluate the architecture of telomeres using STORM, we developed a chromatin

spreading protocol of the native chromatin in MEF nuclei, which involved DNA interstrand

crosslinking by psoralen/UV treatment. Psoralen crosslinking has been previously shown to

stabilize t-loops (Griffith et al., 1999). We then subjected the nuclei to mild detergent lysis

before spreading of the chromatin onto glass slides with cytocentrifugation (Fig. 2A).

Conventional fluorescence images showed that the bulk DNA detected with YOYO1 was

stretched under these conditions, whereas the telomeric DNA detected by the PNA-FISH

appeared as discrete dots as well as extended structures (Fig. 2B).

STORM imaging of the spread chromatin revealed telomeric signal tracts in conspicuous

looped configurations (Fig. 2C, D; Fig. S1A,B). With the exception of a few large, well-

spread loops, most t-loops could not be discerned by conventional fluorescence imaging

(Fig. S1A). The t-loops showed variable loop sizes and variable loop-to-tail ratios (Fig. 2E-

G), suggesting that there is no preferential position for the strand-invasion point along the
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double-stranded telomeric DNA. The size distribution of the linear structures was similar to

that of the lariat shaped structures, consistent with both linear and lariat structures

representing mouse telomeres.

The molecules detected by STORM were not removed upon treatment of the nuclei with

RNaseA and RNaseH (9.1±4 FISH tracts > I.0 μm per field before and 12.9±4 after

RNaseA/RNaseH treatment; based on images of 38 fields of view per condition, ~40 μm ×

40 μm per field of view). Since northern blotting showed that treatment by RNaseA and

RNaseH removed greater than 90% of total RNA as well as the telomeric TERRA

transcripts (data not shown) (Azzalin et al., 2007; Feuerhahn et al., 2010), the persistence of

the FISH signals after the treatment confirms that they represent telomeres rather than RNA.

Based on EM analysis, mouse telomeric restriction fragments are 20±6 kb long, whereas

estimates from genomic blotting suggests a size range of 10-50 kb (Griffith et al., 1999;

Kipling and Cooke, 1990). Both methods overestimate the length of the telomeric repeat

array since the telomeric fragments analyzed contain subtelomeric segments of unknown

size. The telomeric lariat structures detected by STORM showed a total contour length

ranging from 2-9 μm with an average of 4.0±1.4 μm (Fig. 2E). Assuming ~0.3 μm per kb of

double-stranded DNA, these measurements would indicate that mouse telomeres range from

7 to 30 kb with a mean of 13 kb. The STORM images likely underestimate of the length of

the telomeric repeat array because some fine wavy patterns in the DNA path may be blurred

by the finite resolution of the STORM images and because some of the DNAs might be

broken during the spreading procedure or might not be fully spread out.

T-loops are lost upon telomere fusion

If the detected t-loops reflect a native architecture of telomeres, their occurrence should

diminish when the telomeres have undergone covalent fusions so that the telomeric DNA is

no longer terminal. Telomere fusions generated by c-NHEJ are frequent after Cre-mediated

deletion of TRF2 from SV40LT-immortalized TRF2F/−Cre-ERT1 MEFs (Fig. 3A-C). The

majority of the telomeres became fused as was evident from the long trains of joined

chromosomes in metaphase spreads (Fig. 3B) and from the larger molecular weights of the

telomeric restriction fragments (Fig. 3C). The telomere fusion led to a drastic change in the

telomeric structure detected by STORM (Fig. 3D). T-loop structures were no longer

prominent and nearly all telomeres were present as linear, highly elongated signal tracts. The

more elongated shape of the telomeric signal tracts after telomere fusion is likely because

the stretching forces exerted on internal telomeric sequences flanked by two chomosomes

during cytocentrifugation-induced chromatin spreading were greater than those exerted on

terminal telomere of a single chromosome.

To determine the change in the frequency of t-loop appearance after deletion of TRF2, the

STORM images were quantified. For unambiguous identification of t-loops, telomeric signal

tracks < 1 μm in length were excluded. Furthermore, we only considered molecules that

were well spread without any obviously condensed, branched, or knob-like structures

throughout their length and that were not entangled with other telomeres (see Fig. 3E for

examples of excluded molecules). We also excluded molecules interrupted by gaps longer

than 0.5 μm that prevent accurate tracing of the DNA path. Based on these criteria,
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approximately 60-80% of the FISH signal tracts (marked ‘x’ in the images) were not scored

because they cannot be unambiguously classified. Among the 20-40% of the signal tracts

that were scored, telomeres were classified as t-loops when containing a single terminal loop

with an aperture of at least 0.01 μm2 or as linear structures if they lacked a loop (Fig. 3D, E).

Using these criteria, approximately one fourth of the scored telomeres (22.7±4.1%) were in

the t-loop configuration before the deletion of TRF2 (Fig. 3F). Because of the stringent

scoring criteria, we likely underestimated the frequency of t-loops. For instance, t-loops with

a loop smaller than 0.01 μm2 or not readily discernable due to incomplete spreading were

not scored, and any breakage of the telomeric molecules during spreading would tend to

reduce the frequency of t-loops preferentially.

When TRF2F/−Cre-ERT1 MEFs were induced to express Cre recombinase, which caused

TRF2 deletion, and examined after 156 h, the t-loop frequency decreased dramatically and

only 4.0±1.0% of the scored telomeres were in the t-loop configuration (Fig. 3F). Many of

the linear telomeric tracts ranged from 10 to 30 μm, which were substantially longer than the

lengths of the telomere tracts in TRF2-expressing cells and consistent with being products of

telomere fusion (Fig. 3G). The 6-fold reduction in t-loop frequency is statistically significant

(p=0.01, 3 independent experiments) and consistent with the t-loops being dependent on the

functional and terminal state of the telomeric DNA. Similarly, when the cells were examined

at 72 h after induction of Cre, the frequency of t-loops dropped by 6 fold, from 36% to 6%

(Fig. S2A, B).

The exclusion of the ambiguous ‘x’ structures did not affect the conclusion that TRF2

deletion reduces the frequency of t-loops. Even when all ‘x’ structures were included in the

statistics and counted as a separate category from the t-loop and linear structures, deletion of

TRF2 still resulted in a substantial and statistically significant reduction in the percentage of

t-loops (Fig. S2C, D). It is noteworthy that the percentage of ambiguous ‘x’ molecules

dropped from ~80% to ~60% upon deletion of TRF2 (Fig. S2A). A possible reason for this

drop is that the ‘x’ fraction of TRF2-proficient cells included t-loops that cannot be

unambiguously scored.

TRF2 is required for t-loop formation/maintenance

Having established an assay to detect the presence of t-loops in MEFs, we set out to

determine whether TRF2 is important for t-loop formation and/or maintenance. As deletion

of TRF2 results in fusion of telomeres, the disappearance of the t-loops under these

conditions does not inform on the role of TRF2 in their formation/maintenance. We

therefore analyzed the effect of TRF2 removal in ATM-deficient setting where telomere

fusions are rare. ATM signaling is required for the c-NHEJ of telomeres, in part because the

ATM target 53BP1 prevents resection at deprotected telomeres and increases their mobility

(Lottersberger et al., 2013; Zimmermann et al., 2013; Denchi and de Lange, 2007;

Dimitrova et al., 2008; Chapman et al., 2013). As a result, ATM-deficient cells show a

~100-fold reduction in telomere fusions after TRF2 deletion as compared to ATM-proficient

cells (Denchi and de Lange, 2007) (Fig. 4A-C). In addition, the use of TRF2F/−ATM−/− cells

is advantageous because there is no DNA damage signal emanating from the TRF2-depleted
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telomeres (Denchi and de Lange, 2007), thus removing potentially confounding effects of

chromatin alterations associated with the DNA damage response.

STORM imaging of SV40LT-immortalized TRF2F/−ATM−/−Cre-ERT1 MEFs not

expressing Cre showed the expected presence of both t-loops and linear telomeres (Fig. 4D).

The frequency of t-loops in these control samples was 23.9±1.0% (Fig. 4D, E), which is

quantitatively similar to the frequency observed in the ATM-proficient cells, and the t-loops

have similar size distributions (Fig. S3A, B). Thus, the ATM kinase did not have an

appreciable effect on these structural features of telomeres. At 156 h after induction of Cre,

the deletion of TRF2 from the ATM-deficient cells resulted in a drastic reduction of the t-

loop frequency to 5.8±1.3% (Fig. 4D, E; p=0.002, 3 independent experiments). A similar

reduction was obtained when the telomeres were examined at 72 h after induction of Cre

(Fig. 4F, G). As was the case for the ATM-proficient cells, inclusion of the ambiguous ‘x’

structures in the scoring did not affect the conclusion that the deletion of TRF2 resulted in

substantial reduction in the t-loop frequency (Fig. S3C, D). Taken together, the results

indicate that TRF2 is essential for the formation and/or maintenance of the t-loop structures.

We also considered alternative interpretations for the decrease in t-loop frequency upon

TRF2 deletion but found them to be unlikely due to the following observations. In principle,

a reduction in t-loop frequency after TRF2 deletion could be caused by a loss of the single-

stranded 3’ overhang, which is required for the strand-invasion event. However, the 3’

overhang was minimally affected when TRF2 was deleted from ATM-deficient cells (Fig.

4C). The lowered frequency of t-loops could also be explained if TRF2 deletion reduced the

frequency of psoralen/UV-induced crosslinks in the telomeric DNA. We therefore designed

a method to determine the frequency of interstrand crosslinks in bulk and telomeric DNA

(Fig. 5). To first monitor the presence of crosslinks in bulk DNA, we determined what

fraction of the duplex DNA rapidly reannealed after heat denaturation, as would be expected

for DNA with interstrand crosslinks (Fig. 5A). We performed this test on mono-, di-, tri-,

and tetra-nucleosomal DNA fragments obtained by MNase digestion of the crosslinked

nuclei. Consistent with the preferential crosslinking in the nucleosomal linker sequence, the

mono-, di-, tri- and tetranucleosomal bands showed increasing crosslinking efficiencies (Fig.

5A). Importantly, TRF2 deletion from either ATM-proficient or ATM-deficient cells did not

show a significant change in crosslinking efficiency in bulk DNA (Fig. 5B, upper and

middle panel). In order to determine the crosslinking efficiency in telomeric DNA, a

[CCCTAA]4 probe was hybridized to heat-denatured dinucleosomal DNA in the agarose gel

without further denaturation. As only the noncrosslinked fraction hybridizes under these

conditions, the crosslinking frequency can be deduced from the detected signal. Again,

deletion of TRF2 did not substantially change the crosslinking frequency of the telomeric

DNA (Fig. 5B, lower panel). Hence, the decrease in the t-loop frequency upon TRF2

deletion could not be caused by changes in either the 3’ overhang length or the crosslinking

efficiency, but likely indicate a direct role of TRF2 in t-loop formation and/or maintenance.

The crosslinking frequency in telomeric DNA appears higher than that in bulk DNA (Fig.

5B), as may be expected since psoralen preferentially crosslinks at the A-T steps, which

occur every six bp in telomeric DNA. Despite this, the crosslinking efficiency is still

substantially below 100% for the ~350 bp dinucleosomal fragment. Given that the 3’
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overhang is only 50-400 nt long, it is possible that the crosslinking efficiency in the duplex

DNA formed by strand invasion of the 3’ overhang that secures the t-loop is also less than

100%, which likely accounts for another source of underestimation of the t-loop frequency.

Stronger crosslinking conditions could not be used because they resulted in reduced FISH

signals and compromised STORM images.

TRF1 and Rap1 are not required for t-loop formation/maintenance

The data presented above indicate that TRF2 is required to establish and/or maintain the t-

loop configuration. It has been proposed that TRF1 could also contribute to t-loop formation

based on the biochemical evidence that TRF1 has the ability to loop and pair duplex

telomeric DNA in vitro (Bianchi et al., 1997; Bianchi et al., 1999; Griffith et al., 1998;

Griffith et al., 1999). Furthermore, recent biochemical data suggested that the TRF2

interacting partner Rap1 increases the affinity of TRF2 for telomeric DNA ends and

promotes t-loop formation (Arat and Griffith, 2012). It was therefore of interest to determine

whether deletion of either TRF1 or Rap1 affects the occurrence of t-loops.

STORM imaging of telomeres was performed on MEFs from which TRF1 or Rap1 was

deleted with Cre recombinase. The deletion of TRF1 and Rap1 was confirmed by

immunoblotting (Fig. 6A, E) and these treatments did not change the telomeric 3’ overhang

signal substantially (Fig. 6B, F). Interestingly, the removal of TRF1 or Rap1 did not affect

the frequency of t-loop occurrence (Fig. 6C,D,G,H; Fig. S4A). Although the frequency of t-

loops appeared to be slightly lower in the cells lacking TRF1, this small change is unlikely

to be significant given the variability in these experiments.

The POT1 proteins are not involved in t-loop formation/maintenance

Based on their biochemical features, it is expected that both POT1a and POT1b bind to the

single-stranded TTAGGG repeats in the D-loop formed upon strand-invasion of the 3’

overhang (Palm et al., 2009). As the binding of POT1a and/or POT1b to the D-loop might

exert a stabilizing effect on the t-loop structure, it was also of interest to determine the

requirement for the POT1 proteins in the formation/maintenance of t-loops. Surprisingly,

deletion of either POT1b alone or POT1a and POT1b together did not show a sizable change

in t-loop frequency (Fig. 7A-D; Fig. S4A), even though molecular data showed that the

deletion had taken place and the cells showed the expected phenotype of an increase in the

telomeric 3’ overhang signal (Fig. S4B, C).

These data would argue that, among the shelterin components, TRF2 is the only factor

critical for t-loop formation/maintenance. If this conclusion is correct, the removal of the

whole shelterin complex should yield the same phenotype as removal of TRF2 alone. We

tested this notion using TRF1/TRF2 double-knockout cells, in which Cre treatment

generates shelterin-free telomeres (Sfeir and de Lange, 2012). Deletion of shelterin in the

context of DNA ligase 4 (Lig4) proficient cells yielded the expected drop (from 18% to

3.2%) in t-loop frequency due to the massive fusion of telomeres (Fig. S4A). Thus, we

deleted TRF1 and TRF2 from Lig4-deficient cells, where telomere fusion are minimal (Fig.

S4C). Importantly, the t-loop frequency was also reduced in the TRF1/TRF2/Lig4-deficient

cells, and the extent of reduction was no greater than that observed after removal of TRF2
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alone from Lig4-deficient cells (Fig. 7E,F; Fig. S4A). These results are consistent with t-

loop formation being largely dependent on TRF2 but not other components of shelterin. We

did not separately test the role of TPP1 since its deletion is functionally equivalent to loss of

POT1a and POT1b (Kibe et al., 2010). We also did not separately test TIN2 because its

deletion results in a complex phenotype reflecting the loss of both POT1a/b and some TRF2,

which would make the data difficult to interpret (Takai et al., 2011).

DISCUSSION

In this work, we demonstrated the visualization of t-loop structures at telomeres using super-

resolution fluorescence imaging, either directly in the nuclei of minimally processed mouse

splenocytes or in spread chromatin from MEFs. Our results provide both direct evidence for

the presence of t-loops at telomeres and new insights into how the t-loop structure forms.

The imaging assay developed for t-loop visualization does not require any telomeric DNA

purification and thus allows the investigation of t-loops under many different genetic

settings. By imaging the telomere structure in wild type and eight different mutant MEFs,

we observed a specific dependence of t-loop persistence on a single shelterin subunit, TRF2,

which provides crucial insight into how TRF2 protects telomeres ends from being

recognized as DSBs by the ATM kinase and prevent their processing by c-NHEJ.

The structure and frequency of t-loops

The STORM images of the t-loops indicate that the strand invasion point is highly variable,

taking place all along the duplex telomeric DNA region, resulting in t-loops ranging from

short loops with long tails to very large loops with minimal tails. The simplest interpretation

of the t-loop structure observed here is that insertion point of the telomere terminus and the

size of the loop are not predetermined. This finding is consistent with the insertion of the

terminus being the critical aspect of the t-loop structure rather than the creation of a specific

segment of the telomeric DNA that is in the loop.

The frequency of t-loops detected in cells with fully functional telomeres varied from

10-40% (average 24%). This number likely represents an underestimate of the actual t-loop

frequency in vivo because our scoring criteria for t-loops were stringent, leading to

exclusion of telomeres with structures that closely resembled a lariat, and because any

breakage or incomplete crosslinking of the DNA would preferentially reduce the t-loop

fraction. Thus, our estimates of the t-loop frequency do not exclude the possibility that the

majority of telomeres are in a t-loop configuration, but further work will be required to

determine the prevalence of t-loops in vivo.

The role of t-loops in repressing NHEJ and ATM signaling

TRF2 is the main factor responsible for preserving the t-loop structure at telomeres. Among

the five shelterin components that we analyzed, only the deletion of TRF2 lowered the t-

loop frequency by 4.5±0.9 fold (based on 11 experiments). In contrast, deletion of the other

shelterin components did not affect the frequency of t-loops (1.1±0.1 fold average change in

8 experiments). TRF2 is also largely responsible for the repression of ATM signaling and c-

NHEJ (Celli and de Lange, 2005; Denchi and de Lange, 2007), whereas the deletion of
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TRF1, Rap1, and POT1a/b does not elicit ATM signaling or telomere fusion (Sfeir et al.,

2010; Martinez et al., 2010; Sfeir et al., 2009; Martinez et al., 2009; Denchi and de Lange,

2007; Hockemeyer et al., 2006). Therefore, our data indicate a strong correlation between

the loss of protection from the ATM and c-NHEJ pathways and the disappearance of the t-

loops. The simplest interpretation is that the t-loop structures provide the main mechanism

by which telomeres protect themselves from ATM signaling and c-NHEJ.

The ability of TRF2 to promote a t-loop configuration at the telomeres can explain how

telomeres avoid being processed by c-NHEJ, because this pathway is initiated by loading the

ring-shaped Ku70/80 heterodimer on DNA ends (reviewed in (Lieber, 2010)). Since

Ku70/80 binds to exposed DNA ends, the strand-invasion of the telomeric 3’ overhang will

prevent loading of the Ku70/80 heterodimer onto the telomere terminus (Fig. 7G). Similarly,

the activation of the ATM kinase pathway starts with the association of the MRN complex

(composed of Mre11, Rad50, and Nbs1) with DNA ends (reviewed in (Stracker and Petrini,

2011)), which is also inhibited by the t-loop structure (Fig. 7G). In addition to its role in t-

loop formation/maintenance, TRF2 was recently shown to have a second mechanism

repressing aspects of the DDR that lead to NHEJ (Okamoto et al., 2013), which may serve to

protect the linear telomeres from NHEJ when t-loops are absent. It is generally assumed that

t-loops are resolved during DNA replication, thereby making the telomeres vulnerable to

NHEJ. On the other hand, the resolution of the t-loop structure during DNA replication may

provide a window of opportunity for telomerase to access the 3’ terminus of the telomere.

Whether t-loops actually prevent the telomere end from being accessed by the telomerase

and to what extent telomerase action at the telomere is regulated by the t-loop structure

remains to be determined.

T-loops and ATR signaling

The ATR pathway is unlikely to be dissuaded by the t-loop structure. When POT1a and

POT1b are deleted from telomeres, t-loops persist, yet the ATR signaling pathway is

activated throughout the cell cycle at the majority of telomeres (Denchi and de Lange, 2007;

Gong and de Lange, 2010). We imagine that in absence of the POT1 proteins, the single-

stranded DNA in the displaced strand at the base of the t-loop can bind RPA and recruit

ATRIP/ATR. In addition to RPA binding, ATR activation also requires a TopBP1-

dependent step, which requires the presence of Rad17, the 9-1-1 complex, and RHINO at the

transition point between double-stranded (ds) and single-stranded (ss) DNA ((Cotta-

Ramusino et al., 2011) reviewed in (Nam and Cortez, 2011)). However, in the t-loop setting,

the ds/ss transition is not present on the strand that binds RPA (the D loop) but exists nearby

at the 5’ end of the telomere. Perhaps Rad17/9-1-1 and RHINO loaded at the 5’ end of the

telomere places TopBP1 in sufficient proximity to activate the ATR kinase bound to RPA

on the D loop.

TRF2-mediated t-loops as a telomere end-protection mechanism

Our data suggest that TRF2 provides an architectural solution to specific aspects of the

telomere end-protection problem. By remodeling telomeres into t-loops, TRF2 effectively

sequesters the telomere terminus away from the threats of c-NHEJ and ATM kinase

signaling. Furthermore, the formation of t-loops could potentially help limit 5’ end resection
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and a-NHEJ, which are blocked by TRF2 as well as other shelterin proteins (Lottersberger et

al., 2013; Zimmermann et al., 2013; Rai et al., 2010; Sfeir and de Lange, 2012).

How TRF2 creates t-loops in vivo is of obvious interests. The ability of TRF2 to change

DNA topology and bind HJ-like DNA structures are likely to be relevant and merit further

exploration (Fouche et al., 2006; Amiard et al., 2007; Poulet et al., 2009). TRF2 separation-

of-function mutants will be helpful in this regard. In addition, it will be of interest to

determine whether TRF2 is aided by other factors, such as BRCA2 and Rad51, which

mediate strand-invasion of 3’ extensions in HDR. Given that telomeres use many DNA

repair factors to achieve their protected state (reviewed in (Diotti and Loayza, 2011)), the

involvement of bona fide HDR proteins in telomere protection is not excluded. The STORM

imaging method reported here will be a valuable tool to address these questions.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures are provided in the Supplemental Material available on

line.

MEFs

SV40LT TRF2F/−Cre-ERT1, SV40LT TRF2F/−ATM−/−Cre-ERT1,

TRF1F/FTRF2F/FLig4−/−p53−/−Cre-ERT2, TRF1F/FTRF2F/FLig4+/−p53−/−Cre-ERT2 and

SV40LT POT1aF/SPOT1bF/S, SV40LT POT1bF/F Cre-ERT2 SV40LT TRF1F/FCre-ERT2,

SV40LT Rap1F/FKu80+/− MEFs were described previously (Denchi and de Lange, 2007;

Wu et al., 2012; Sfeir et al., 2010; Hockemeyer et al., 2006; Sfeir and de Lange, 2012). Cre

expression was induced by treatment with 0.5 mM 4-OH tamoxifen or infection with

pWZL-hygro-Cre as described (Wu et al., 2012).

Psoralen crosslinking and chromatin spreading

1-2 × 107 nuclei were isolated as described (Pipkin and Lichtenheld, 2006), resuspended in 3

ml NWB (10 mM Tris-HCl pH 7.4, 15 mM NaCl, 60 mM KCl, 5 mM EDTA, 300 mM

sucrose), and incubated for 5 min with 100 μg/ml Trioxsalen (Sigma). The incubation was

carried out in a 6 cm dish, on ice, in the dark, while stirring. Nuclei were exposed to 365 nm

UV light at 2-3 cm from the light source (model UVL-56, UVP) for 30 min, while stirring

on ice. After crosslinking, nuclei were collected, washed once with ice-cold NWB, and

resuspended at 2-5 × 106 nuclei/ml. For spreading, nuclei were diluted 1:10 in spreading

buffer (10 mM Tris-HCl 7.4, 10 mM EDTA, 0.05% SDS, 1 M NaCl, pre-warmed at 37°C)

and 100 μl of the suspension was immediately deposited on a coverslip using a Shandon

Cytospin 3 at 600 rpm for 1 min. Samples were fixed in methanol at −20°C for 10 min

followed by 1 min in acetone at −20°C. The coverslips were washed in PBS and dehydrated

through a 70%, 95%, 100% ethanol series before performing FISH.

STORM imaging and analysis

For STORM imaging, coverslips containing FISH-labeled sample were sealed in a well

containing ~100 μl of imaging buffer (see online Experimental Procedure section) and

imaged as described previously (Huang et al., 2008a) with the following modifications. Prior

Doksani et al. Page 11

Cell. Author manuscript; available in PMC 2014 October 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



to STORM imaging, large areas of the coverslip were imaged at the conventional resolution

using a motorized stage scan to identify areas of interest in which telomeres were abundant.

Next, an imaging sequence was set up to allow sequential conventional and STORM

imaging of dozens of 43 × 43 μm fields of view per sample.

Image analysis was performed as described previously (Bates et al., 2007; Huang et al.,

2008b). All instrument control, data acquisition, and data analysis was performed using

custom written software.

Analysis of telomeric DNA and telomeric proteins

Telomere analysis by telomeric FISH on metaphase spreads, analysis of telomeric DNA on

CHEF gels, analysis of the telomeric overhang, and immunoblotting for telomeric proteins

was done using standard procedures according to previously published protocols. Detailed

description of the protocols is given in the on line materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• STORM imaging of telomeres reveals t-loops in relaxed mouse chromatin

• Deletion of the shelterin component TRF2 converts t-loops into linear telomeres

• Other components of shelterin are not required to form/maintain t-loops

• TRF2-dependent t-loop formation is proposed to block c-NHEJ and ATM

kinase signaling
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Figure 1. STORM imaging of telomeres in intact MEFs and mouse splenocytes
(A) Comparison of conventional (Conv) and 3D-STORM (STORM) images of MEF

telomeres detected by FISH. MEFs fixed on coverslips were hybridized with an Alexa 647-

labeled [CCCTAA]3 PNA probe. A conventional fluorescence image was taken (left), before

the same area was imaged with 3D-STORM (right). The z-coordinates in the 3D STORM

images shown here and in subsequent figures are color-coded according to the colored scale

bar beneath the STORM image. The lower panels: zoom-in images of the boxed regions in

the upper panels.

(B) Enlarged area showing two telomeres imaged by 3D-STORM.

(C) Distribution of the effective diameter of the telomere signals calculated as the diameter

of a sphere of equivalent volume.

(D) T-loop like architectures visualized in mouse splenocytes. Left: large field view showing

several telomeres. Right: examples of individual telomeres. The images are from a small

subset of nuclei that show telomeres in a relaxed configuration after cytocentrifugation.
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Figure 2. STORM imaging revealing t-loops after chromatin spreading
(A) Schematic of the chromatin spreading procedure.

(B) Conventional fluorescence image of a spread sample. A dense layer of decondensed

string-like bulk DNA labeled with YOYO-1 (green) and FISH-labeled telomeres (FITC

labeled [TTAGGG]3 PNA probe, red) are visible.

(C) 3D-STORM image of t-loops after the chromatin spreading procedure shown in (A) and

(B). Linear, t-loop, and ambiguous “x” structures are classified according to the criteria

described in the text and Fig. 3. Bottom, two enlarged t-loops.

(D) Examples of t-loops detected as in (C).

(E) Distributions of the total contour lengths of linear telomeric DNAs (n=224) and

telomeric DNA exhibiting a t-loop configuration (n=58).

(F) Distribution of the loop portion and the total contour length (loop + tail) of telomeric

DNAs in a t-loop configuration (n=58).

(G) Distribution of t-loops based on the relative size of the loop part as a fraction of the total

contour length (n=58).

See Fig. S1 for additional t-loop images.
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Figure 3. The frequency of t-loop occurrence is diminished when telomeres fuse
(A) Immunoblot for TRF2 (doublet indicated by the line) in SV40LT TRF2F/−Cre-ERT1

cells treated with 0.5 mM 4-OH tamoxifen (4OHT) and harvested after 156 h (+Cre). *, non-

specific bands (loading control).

(B) Metaphase spreads showing telomere fusion before and after TRF2 removal from cells

treated as in (A). Green: telomeric FISH with a FITC-conjuaged PNA [CCCTAA]3 probe.

Red: DNA stained with DAPI.

(C) Genomic blot for telomeric DNA demonstrating telomere fusions (indicated) after

deletion of TRF2. The gel image shows AluI/MboI-digested DNA hybridized with a

TTAGGG repeat probe. AluI/MboI restriction enzymes digest non-telomeric genomic DNA

and spare the telomeric TTAGGG repeats.

(D) Representative STORM images before and after TRF2 deletion with Cre. T-loops, linear

telomere structures (lin), ambiguous molecules (x) are indicated.

(E) Examples of molecules scored as t-loops, linear telomeres, and ambiguous ‘x’ structures.

(F) Percentage of the scored molecules (ambiguous ‘x’ structures excluded) that are in a t-

loop configuration. Cells were treated as described in (A) and imaged as in (D). Graphs

show mean and standard deviation (SD) values from 3 independent experiments (n≥200

molecules per experiment). P value from unpaired two-tailed Student's t-test.

(G) Length distribution of linear telomeric DNAs detected by STORM imaging in

TRF2F/−Cre-ERT1 cells before (-Cre; n=224) and 156 h after (+Cre; n=357) Cre treatment.

See Fig. S2 for t-loop counts with and without exclusion of ‘x’ structures and the results

obtained at 72 h after Cre.
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Figure 4. TRF2 is required for the formation and/or maintenance of t-loops
(A) Immunoblot for TRF2 (line) in SV40LT TRF2F/−ATM−/−Cre-ERT1 cells before (-Cre)

and after (+Cre) 4OHT treatment (156 h). *, non-specific bands (loading control).

(B) Representative metaphase spread of cells as in (A).

(C) In-gel assay for the telomeric 3’ overhang (native) and total telomeric DNA analysis

(denat). Note minimal telomere fusions and telomeric overhang loss (<30%) after TRF2

deletion from ATM−/− cells.

(D, F) Representative STORM images of telomeres in cells as in (A) or at 72 h after

induction of Cre with 4-OHT (F).

(E) Percentage of the scored molecules that are in a t-loop configuration. Cells as in (A)

were imaged as in (D). Graphs show mean and SD values from 3 independent experiments

(n≥200 molecules per experiment). P value was derived from unpaired two-tailed Student's

t-test.

See Fig. S3 for details of the t-loop counting with and without exclusion of ‘x’ structures.

(G) T-loop fraction of the total scored telomeric molecules detected by STORM imaging as

in (F). -Cre: n=286; +Cre (72 h): n=287. Graphs show means and SEMs.
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Figure 5. Deletion of TRF2 does not affect crosslink efficiency in telomeric DNA
(A) Schematic of the experimental procedure. MEF nuclei either treated with psoralen/UV

or not were digested with increasing amounts of MNase (agarose gel on left). DNA from the

mono-, di, tri-, and tetra-nucleosomal MNase products was isolated and half of each sample

was heat-denatured. Re-annealing of interstrand crosslinked DNAs regenerates double-

stranded (ds) DNA while non-crosslinked DNAs remains single-stranded (ss). Bottom: The

indicated samples from wt MEFs were separated on agarose gels and bands were visualized

with Ethidium Bromide (EtBr), which preferentially stains dsDNA. Signals migrating at the

position of dsDNA fragments were quantified with ImageJ and the percentage of signal

remaining for each heat-denatured sample relative to its non-denatured control reflects the %

crosslinking.

(B) TRF2 deletion does not alter on the psoralen/UV crosslinking efficiency in bulk and

telomeric DNA substantially. Top, middle: dinucleosomal MNase products were isolated

and processed as in (A). EtBr signals for the region between 300 and 400 bp (marked by the

line) were quantified with ImageJ and the heat resistant signal intensity (a measure for the

crosslinking fraction) was calculated from comparison of the signals in the top and middle

gels. Bottom: The gel containing the heat-denatured samples was dried and hybridized with

a 32P-labeled [AACCCT]4 probe. Note that only the non-crosslinked DNAs will hybridize.

Signal intensities were quantified with ImageJ and normalized to the EtBr value of the non-

denatured samples in the top gel. The telomeric DNA signal intensity value for the TRF2F/−

sample not treated with Cre, and not treated with psoralen/UV was set to 100% and the

values for the other samples were expressed relative to this value. The inferred %

crosslinking of the dinucleosomal telomeric DNA band is given below the image.
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Figure 6. TRF1 and Rap1 are not required for t-loop formation/maintenance
(A) Immunblot for loss of TRF1 (line) in the indicated cells treated Cre. *, non-specific band

(loading control).

(B) In-gel assay for the telomeric 3’ overhang (native) and total telomeric DNA (denatured)

before and after deletion of TRF1. Numbers below the overhang gel indicate the relative

signal intensity of the ssDNA overhang normalized to the total telomeric DNA.

(C) Example of telomere imaging by STORM of cells lacking TRF1 (144 h post 4OHT).

(D) T-loop frequency before and after deletion of TRF1. Data are presented as mean +/−

SEM from 2 independent experiments.

(E-H) As for (A-D) but with experiments performed on conditional Rap1 knockout cells.

See Fig. S4 for t-loop counts of both experiments.
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Figure 7. TRF2 is the main shelterin protein required for t-loop formation and/or maintenance
(A) Representative STORM image of telomeres after deletion of POT1b from the indicated

cells (144 h post 4OHT)

(B) T-loop frequencies before and after deletion of POT1b. Data are presented as mean +/−

SEM from 2 independent experiments.

(C, D) As for (A, B) but involving co-deletion of POT1a and POT1b from the indicated cells

with Cre (144 h time point).

(E) Representative STORM images of telomeres before and after removal of the shelterin

complex through co-deletion of TRF1 and TRF2 (156 h post 4OHT).

(F) T-loop frequencies before and after deletion of TRF1 and TRF2. Data are presented as

mean +/− SEM from 2 independent experiments.

See Fig. S4 for details of the t-loop counts in B, D, and F and the pertinent analysis of the

protein and DNA in the cells.

(G) Model explaining how TRF2-mediated t-loop formation/maintenance protects telomeres

from MRN-initiated ATM signaling and Ku70/80-initiated NHEJ. When TRF2 is absent,

telomeres are converted into the linear structure thereby allowing access to Ku70/80 and

MRN. Ku70/80 and MRN are excluded from the telomere terminus when telomeres are in

the t-loop configuration. While Ku70/80 and the MRN complex are also found in

association with the shelterin complex, these Ku70/80 and MRN are not depicted here. The

functions of these shelterin-associated Ku70/80 and MRN are not known.
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