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SUMMARY

Telomeres, repetitive DNA sequences at chromo-
some ends, are shielded against the DNA damage
response (DDR) by the shelterin complex. To under-
stand how shelterin protects telomere ends, we
investigated the structural organization of telomeric
chromatin in human cells using super-resolution mi-
croscopy. We found that telomeres form compact
globular structures through a complex network of in-
teractions between shelterin subunits and telomeric
DNA, but not by DNAmethylation, histone deacetyla-
tion, or histone trimethylation at telomeres and sub-
telomeric regions. Mutations that abrogate shelterin
assembly or removal of individual subunits from
telomeres cause up to a 10-fold increase in telomere
volume. Decompacted telomeres accumulate DDR
signals and become more accessible to telomere-
associated proteins. Recompaction of telomeric
chromatin using an orthogonal method displaces
DDR signals from telomeres. These results reveal
the chromatin remodeling activity of shelterin and
demonstrate that shelterin-mediated compaction of
telomeric chromatin provides robust protection of
chromosome ends against the DDR machinery.
INTRODUCTION

The natural ends of eukaryotic chromosomes are prone to being

misrecognized as DNA breaks, which poses a unique challenge

for genome integrity and cell viability. Cells overcome this chal-

lenge by forming a protective structure at chromosome ends

comprising a tandem array of telomeric DNA repeats and telo-

mere-binding proteins (Palm and de Lange, 2008). Defects in

the protection of telomeres have been implicated in cancer

and aging (Blasco, 2013).

In humans, telomeres consist of 2–20 kb of double-stranded

TTAGGG repeats (dsTEL) with terminal 50- to 500-nucleotide-

long 30 single-stranded G overhangs (ssTEL) (Palm and de

Lange, 2008). Human telomeres associate with the shelterin

complex, which contains six proteins (Figure 1A). TRF1 and

TRF2 are homodimeric proteins that bind to dsTEL with their
C-terminal MYB domains (Fairall et al., 2001; Griffith et al.,

1999). RAP1 is recruited through its interaction with TRF2

(Palm and de Lange, 2008). POT1 binds specifically to ssTEL

and forms a heterodimer with TPP1 (O’Connor et al., 2006).

TIN2 is a hub that interacts with TRF1, TRF2, and POT1/TPP1

(O’Connor et al., 2006; Ye et al., 2004), mediating the assembly

of the entire complex. Perturbation or removal of individual

shelterin subunits have been shown to activate specific DNA

damage response (DDR) pathways. TRF1 prevents the activation

of both ataxia telangiectasia mutated (ATM) and ataxia telangi-

ectasia and Rad3 related (ATR) pathways (Martı́nez et al.,

2009). TRF2, RAP1, and POT1/TPP1 inhibit the activation of

ATM (Karlseder et al., 2004), homology-directed recombination

(HDR) (Sfeir et al., 2010), and ATR (Liu et al., 2004) pathways,

respectively.

The mechanism of telomere end protection has been attrib-

uted primarily to TRF2-mediated sequestration of the 30 over-
hang within large duplex loops (t-loops) (Doksani et al., 2013;

Griffith et al., 1999). Several observations have suggested

that other mechanisms must also exist for the robust protection

observed at telomeres. First, the removal of shelterin subunits

other than TRF2 from telomeres also leads to the activation

of specific DDR pathways (Sfeir and de Lange, 2012; Takai

et al., 2011), although t-loops still form in the subunits’ absence

(Doksani et al., 2013). Second, short telomeres are more prone

to DDR induction than longer telomeres (Herbig et al., 2004;

Smogorzewska et al., 2000), although they are long enough

to form t-loops (Doksani et al., 2013; Muñoz-Jordán et al.,

2001). Thus, the mechanism by which shelterin subunits and

the length of dsTEL tracts contribute to telomere end capping

remains unclear.

Several in vitro studies have suggested a DNA remodeling role

for shelterin. TRF1 and TRF2 are highly abundant at telomeres

(Palm and de Lange, 2008), pair and loop distal telomeric tracts

(Griffith et al., 1999), and condense short telomeric fragments

in vitro (Poulet et al., 2012), but it is not knownwhether these pro-

teins play a major role in high-order remodeling of telomeric

chromatin in vivo. More critically, a causal relationship between

chromatin-remodeling activities of shelterin and telomere pro-

tection from damage has not yet been established.

Telomeres also possess features of heterochromatin, such as

the enrichment of trimethylated histones H3K9 and H4K20 and

the presence of the heterochromatin protein HP1 (Benetti

et al., 2007). Heterochromatin formation protects chromosome

integrity and limits the access of DNA-binding proteins in
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Figure 1. Human Telomeres Form Tight Globular Structures

(A) The human shelterin complex consists of six proteins: TRF1, TRF2, POT1, TPP1, TIN2, and RAP1. TRF1 and TRF2 subunits specifically bind to dsTEL tracts

through their C-terminal MYB domains and homodimerize via their N-terminal TRFH domains.

(B) Conventional (left) and PALM (right) images of a HeLa cell expressing mEos2-TRF2. TRF2 proteins are localized to the nucleus (yellow boundary) and show

punctate spots that represent telomeres. Telomeric chromatin appears smaller than a diffraction-limited spot (insert).

(C) 3D representation of a telomeric chromatin constructed from individual spots (magenta dots).

(D) The average volumeand the number of localized spots detectedper telomere in regular HeLa andHeLa 1.2.11 cells. Error bars represent SEM.Ntelomeres is >150

for each case.

(E) The volume of telomeric structures in mEos2-TRF2-expressing cells positively correlates with the number of detected TRF2 molecules per telomeres

(Ntelomeres > 150). Color bar shows the number of telomeres (mean ± SEM).

(F) The average volume of telomeres in G1/S phase is similar to that of unsynchronized cells.

(G) The average number of TRF2 molecules detected per telomere remains similar in different stages of the cell cycle.

(H) The volume of telomeres in mEos2-TRF2-expressing cells remains unaffected by inhibition of histone deacetylation, DNA methylation, and Suv knockdown.

See also Figures S1 and S2 and Movies S1 and S2.
nontelomeric regions (Lorat et al., 2012; Murga et al., 2007).

Similarly, hypercondensation of telomeric chromatin may limit

the access of DDR signals to telomere ends (Benetti et al.,

2007). However, telomeric nucleosomes are highly mobile (Cac-

chione et al., 1997; Ichikawa et al., 2014; Pisano et al., 2007) and

their occupancy is negatively regulated by TRF1 and TRF2 (Gal-

ati et al., 2012; Pisano et al., 2010). Therefore, it remains unclear
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whether posttranslational modifications of DNA and histones at

telomeres and subtelomeric regions are primarily responsible

for hypercondensation of telomeric chromatin. Telomeres are

unsuitable for study by chromosome conformation capture

methods due to their homogeneous sequence (Nagano et al.,

2013). Therefore, alternative approaches are needed to gain

insight into the structure of telomeric chromatin.



Here, we investigated how shelterin affects the structural or-

ganization of telomeric chromatin in human cells using super-

resolution microscopy and whether its remodeling activity

directly protects telomere ends against DDR accumulation. We

observed that telomeres form compact chromatin structures

in vivo through specific protein-protein and protein-DNA interac-

tions between shelterin subunits and telomeric DNA. The com-

paction of telomeric chromatin is essential for robust protection

of chromosome ends by limiting the accessibility of the DDRma-

chinery. Our results demonstrate that shelterin plays a critical

role in the condensation of telomeric chromatin inside cells and

that DNA compaction directly leads to the reduction in DDR

signaling at telomeres.

RESULTS

Super-Resolution Imaging of Human Telomeres
To directly visualize human telomeres, we fused a photoactivat-

able monomeric GFP, mEos2 (McKinney et al., 2009), to the

N terminus of TRF1 and TRF2 and transiently expressed them

in HeLa cells. We found that, mEos2-TRF1/2 specifically local-

ized to telomeres (Figures 1B, S1A, and S1B). Using photoacti-

vated light microscopy (PALM) (Betzig et al., 2006), we deter-

mined the locations of telomere binding proteins with 15 nm

precision in the xy plane (Movie S1) and 45 nm in the z direction

(Movie S2). The dimensions of telomeric structures were cali-

brated by imaging mEos2-coated polystyrene beads under

the same imaging conditions (Figure S1C). We observed that

telomeres form compact structures smaller than the diffrac-

tion-limited resolution (�250 nm) of conventional microscopy

(Figures 1B and 1C). Telomeric spots were nearly spherical,

with an aspect ratio of �0.78 ± 0.01 (mean ± SEM). The average

number of mEos2-TRF2 molecules detected per telomere was

138 ± 10 (mean ± SEM), and the volume of telomeric chromatin

was 2.3 ± 0.23 106 nm3 (mean ± SEM) (Figure 1D), in agreement

with the size estimates based on immunogold labeling of telo-

meres (Ludérus et al., 1996; Pierron and Puvion-Dutilleul, 1999).

To investigate how the size of telomeric structures changes as

a function of telomere length, we performed PALM measure-

ments in a HeLa subclone (HeLa 1.2.11), which has �3.5 times

longer telomeres (mean, �20 kb) than regular HeLa cells

(�6 kb) (Takai et al., 2010). Telomere volume in HeLa 1.2.11

was 3.2-fold larger than in regular HeLa (Figure 1D). The DNA

packing ratio of telomeric DNA was 5.4 ± 0.6 Mbp/mm3 in regular

HeLa and 4.9 ± 0.4 Mbp/mm3 in HeLa 1.2.11 (Figure S1D;

Supplemental Experimental Procedures). The result demon-

strates that longer telomeres form larger structures, but the

DNA compaction ratio remains unaltered. We detected �4-fold

more TRF1/2 per telomere in HeLa 1.2.11 than regular HeLa (Fig-

ures 1D, S2A, and S2B), consistent with estimates based on

quantitative western blots (Takai et al., 2010). In addition, telo-

meres with larger volume recruited more shelterin in HeLa cells

(Pearson’s r = 0.63) (Figures 1E), suggesting that longer telo-

meric tracts form larger structures and recruit more shelterin

(Smogorzewska et al., 2000).

To test whether telomere volume is affected by the expression

of mEos2-tagged shelterin components, we directly labeled

dsTEL tracts with an Alexa647-labeled peptide nucleic acid
(PNA) probe by fluorescence in situ hybridization (FISH) and

measured telomere volume using stochastic optical reconstruc-

tion microscopy (STORM) (Rust et al., 2006) at 11 nm resolution

(Figures S2C and S2D). Estimated volumes obtained from FISH-

STORM imaging of telomeres in HeLa and HeLa 1.2.11 cells

were slightly (15%) smaller than those based on PALM imaging

of mEos2-TRF1. We concluded that our measurements are not

markedly affected by the mEos2 fusions to shelterin and that

both protein and DNA components are equally compacted at

telomeres.

To investigate whether telomere volume changes as a function

of cell cycle, we synchronized HeLa cells at the G1/S boundary,

mid-S, or in metaphase (Supplemental Experimental Proce-

dures; Figure S1E). Cells synchronized at the G1/S boundary

had telomere volumes similar (t test, p = 0.66) to those of the un-

synchronized cells (Figure 1F). Volume increased 1.8-fold (t test,

p = 10�4) in mid-S phase and decreased 20% (t test p = 0.08) in

the metaphase, compared to the G1/S boundary. The results

suggest that telomeres partially decondense in S-phase during

DNA replication and then recompact post-replication. The

average number of TRF2 localized to each telomere does not

vary significantly throughout the cell cycle (Figure 1G), in agree-

ment with chromatin immunoprecipitation assays (Verdun et al.,

2005).

It has been proposed that the hypercondensed structure of te-

lomeric chromatin is amanifestation of DNAmethylation, histone

deacetylation, and histone trimethylation at telomeres and sub-

telomeric regions (Schoeftner and Blasco, 2010). However, the

interplay between the recruitment of these epigenetic marks

and compaction of telomeric chromatin had not been directly

measured. If these epigenetic marks determine the compact

state of telomeres, their removal is expected to decondense

chromatin globally and increase telomere volume. We treated

HeLa cells with either a histone deacetylase inhibitor (trichostatin

A [TSA]), a DNA methylation inhibitor (5-azacytidine [5-AZA]), or

by knockdown of suppressor of variegation (Suv) 39h1/2 and

Suv4-20h1/2 involved in histone trimethylation. The analysis of

both FISH-STORM and PALM measurements showed that telo-

mere volume remains unaffected (t test, p > 0.3) by these treat-

ments compared to the untreated cells (Figures 1H and S1F).

We conclude that DNA methylation, histone deacetylation, and

histone trimethylation are not primarily responsible for remodel-

ing telomeres into a compact chromatin state.

Depletion of Shelterin Components Leads to
Decompaction of Telomeres
We next tested whether shelterin is primarily responsible for the

crosslinking of dsTEL tracts through protein-protein interactions

among different shelterin components (Figure 2A). To test

this possibility, wemeasured the changes in telomere volume af-

ter individually depleting shelterin components in HeLa cells.

TRF1, TIN2, TPP1, POT1, and RAP1 were depleted using RNAi

(Figure S3). Wild-type (WT) TRF2 was removed from telomeres

by overexpressing a dominant-negative mutant (TRF2DBDM)

(Doksani et al., 2013). Telomere volume was measured by

FISH-STORM. Knockdown of RAP1 did not significantly affect

the structure of telomeres (t test, p = 0.7) (Figures 2C and

S4E), presumably because RAP1 interacts only with TRF2 and
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Figure 2. Removal of Shelterin Subunits Leads to Decompaction of Telomeres

(A) A schematic represents the looping of dsTEL tracts by TIN2, which bridges dsTEL-bound TRF1 and TRF2.

(B) Representative FISH-STORM images of telomeres in WT, TRF1, TRF2, and TIN2-depleted cells.

(C) The average volume of telomeres in WT and shelterin-depleted cells measured by FISH-STORM (N > 150 per condition). Error bars represent SEM.

(D) In PALM imaging, the average number of mEos2 spots localized to each telomere correlated with the average volume of the telomere under native and

shelterin knockdown (KD) conditions (dotted line, Pearson’s r = 0.89). Error bars represent SEM.

See also Figures S3 and S4.
does not exhibit DNA remodeling activity. The depletion of TPP1

or POT1 resulted in a modest (�2-fold) increase in telomere vol-

ume, whereas TIN2 depletion and the removal of TRF2 resulted

in a 6-fold and 5-fold increase in telomere volume, respectively

(Figures 2B, 2C, S4A, and S4E). TRF1 depletion resulted in an

8-fold decompaction (Figures 2C and S4A). Simultaneous

removal of TRF1 and TRF2, which is also expected to prevent

TIN2 recruitment to telomeres, resulted in the largest (9-fold) in-

crease in telomere volume (Figure 2C), corresponding to the

DNA packing ratio of 0.7 ± 0.1 Mbp/mm3. The DNA remodeling

roles of TRF1 and TRF2 are likely not redundant, because the

overexpression of TRF1 counteracts only 24% of telomere de-

compaction that is observed upon removal of TRF2 from telo-

meres in TRF2DBDM-expressing cells (Figure S4C). Similar results

(27%) were obtained when TRF2 was overexpressed in TRF1-

depleted cells.

We also performed PALM imaging of telomeres using an

mEos2-tagged MYB domain of TRF2 (TRF2MYB) (Loayza and

De Lange, 2003) and observed similar changes in volume upon

depletion of shelterin subunits (Figure S4C). The number of

mEos2-tagged shelterin proteins detected per telomere strongly

correlated with telomere volume (Pearson’s r = 0.89) in these

cells (Figures 2D and S4B), presumably due to the greater acces-

sibility afforded by decompacted chromatin.

The results demonstrate that TRF1, TRF2, and TIN2 have the

greatest impact on telomere compaction. To test whether inter-

actions between these proteins compact telomeric chromatin,
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we expressed an mEos2-tagged TRF1 mutant (TRF1F142A) that

disrupts the TIN2-TRF1 interaction (Chen et al., 2008). The level

of telomere decompaction was indistinguishable from TIN2-

depleted cells expressing mEos2-TRF1 (t test, p = 0.46) (Fig-

ure S4D), suggesting that protein-protein interactions of the

TRF1-TIN2-TRF2 ternary complex (Ye et al., 2004) facilitate telo-

mere compaction.

Disruption of TRF1 and TRF2 Dimerization Results in
Telomere Decompaction
TRF1 and TRF2 dimers contain two dsTEL binding sites that pair

and loop telomeric tracts in vitro (Figure 3A) (Griffith et al., 1999).

To test whether TRF dimerization plays a role in compacting

telomeric chromatin in vivo, we disrupted the dimerization inter-

face between the monomers by introducing single point muta-

tions in helix 1 of the TRFH domains of TRF1 (A74D, A75P and

F81P) and TRF2 (N53D and Y60F) (Figure 3B) (Fairall et al.,

2001). Using size-exclusion chromatography, we confirmed

that the TRFH mutants of TRF1 are stable monomers, while

TRF2 elutes as a weak dimer (Figure 3C).

Similar to the removal of individual shelterin components from

telomeres, expression of mEos2-tagged TRF1 and TRF2 dimer-

ization mutants led to 3-fold and 5-fold increase in telomere vol-

ume, respectively (Figures 3D, 3E, S5A, and S5B). The depletion

of the endogenous TRF1/2 in these cells did not significantly

affect the telomere volume but increased the number of mEos2

spots localized per telomere by �35% (Figures S5B and S5C).



Figure 3. TRF1 and TRF2 Dimerization Is Essential for the Compaction of Telomeres

(A) A schematic depicting the crosslinking of distal dsTEL tracts through TRF1 or TRF2 homodimerization.

(B) Overlay of the atomic structures of the TRFH domains of TRF1 (magenta) and TRF2 (cyan-green) dimers. Single-point mutations were introduced to helix 1 to

disrupt dimerization.

(C) Gel-filtration profiles show thatWT TRF1 and TRF2 elute as homodimers, whereas TRFH point mutations elute asmonomers. Elution profile for each construct

was run on a single gel. Only the elution volumes that correspond to TRF monomer and dimer are shown. The junction is marked with a black line.

(D) Representative telomeric structures for TRF1 and TRF2 dimerization mutants.

(E) The distribution of telomere volume in cells expressing the TRFHmutants (Ntelomeres > 150). The expression of the TRFHmutants increases the average volume

of telomeres (mean ± SEM). Percentages represent the data in pink shaded regions.

See also Figure S5.
The cells expressing these mutants did not show a significant

change in the cell-cycle distribution (Figure S5D).

Shelterin-Mediated Telomere Compaction as a
Mechanism for Telomere Protection
Since chromatin structure plays a role in the initiation and prop-

agation of DDR, we hypothesized that shelterin-mediated

compaction of telomeric chromatin plays a major role in protect-

ing telomeres against DDR signaling. To test this hypothesis, we

simultaneously measured telomere volume and the accumula-

tion of DDR signals (Sfeir and de Lange, 2012) at telomeres under

various shelterin perturbation conditions. Telomere-dysfunction-

induced foci (TIF) per cell was quantified by the localization of

p53 binding protein 1 (53BP1) (Figures 4A and 4B)(Karlseder

et al., 1999; Shiloh, 2003), a downstream signaling protein re-

cruited to DDR foci by both ATM and ATR pathways (Panier

and Boulton, 2014). The TIF analysis provides a reliable mea-

surement of the number of telomeres that recruit DDR signals,

but does not discriminate among specific DDR pathways acting

at telomeres.

We confirmed that removal of shelterin components leads to a

large increase in TIF accumulation (Lackner et al., 2011). Cells
expressing WT TRF1/2 had �1–2 TIF spots per cell on average

(Figure 4A). In comparison, TRF2, TRF1, and TIN2 depletion

led to a 15- to 20-fold increase in the number of TIF spots per

cell (Figures 4B and 4C, and S4F). We next tested whether the

expression of TRFH mutants leads to TIF accumulation. The

TRFH mutants localized well to telomeres (Figure S5C). The

expression of TRFH mutants resulted in a 3- to 5-fold increase

in the number of TIF spots per cell (Figures 4B, 4C, and S5E),

demonstrating that TRFH dimerization is critical for telomere

protection.

If shelterin-mediated telomere compaction is a mechanism to

suppress DDR accumulation, we expect the cells to have a larger

number of TIF spots as telomere volume increases. Consistent

with this expectation, we observed that the number of TIF spots

in these cells increases proportionally with telomere volume

(Pearson’s r = 0.82) (Figure 4C). The results suggest that shelterin

components remodel telomeric chromatin into a compact form

and prevent access of DDR signals to telomeric sites. To verify

that the results are not specific to transformed cells, we ex-

pressed WT and the N53D mutant of TRF2 in IMR-90 human

fibroblasts. Similar to our observations in HeLa cells, TRF2-

N53D expression resulted in a 3-fold increase telomere volume
Cell 164, 735–746, February 11, 2016 ª2016 Elsevier Inc. 739



Figure 4. Decompaction of Telomeres Cor-

relateswith theNumber of TIF Spots PerCell

(A) Telomeres were detected using Alexa-488-

labeled antibodies against TRF1 or TRF2 (green),

and DNA repair sites were probed by immunolab-

eling of 53BP1 with Alexa-647 (red). The overlay

reveals the location of TIF spots (yellow).

(B) The knockdown of shelterin components and

the expression of TRFH dimerization mutants

induce localization of DDR signals at telomeres.

TIF spots (yellow) were determined by colocaliza-

tion of the fluorescence signals of TRF1 or TRF2

(green) and 53BP1 (red).

(C) The number of TIF spots per cell as a function of

the volume of telomeres under various shelterin

perturbation conditions. The number of TIF spots

per cell correlates strongly (dotted line, Pearson’s

r = 0.82) with telomere volume.

Error bars are SEM. See also Figures S4 and S5.
and a 9-fold increase in TIF spots per cell, in comparison to WT-

TRF2-expressing cells (Figures S5F–S5H).

On the basis of these results, we propose that shelterin con-

denses telomeric repeats into a dense network of nucleoprotein

structures, resulting in a tight globular mesh. Removal of shel-

terin components or weakening of these interactions leads to

the decompaction of condensed telomeric structures and en-

ables access of DDR signaling proteins to telomeres (Figure 5A).

To test this prediction, we measured the average accessibility of

soluble shelterin components to both the surface and interior of

telomeric chromatin using fluorescence recovery after photo-

bleaching (FRAP) (Figures 5B and S6A). Consistent with a previ-

ous report (Mattern et al., 2004), GFP fusions of TRF1, TRF2, and

POT1 dynamically interacted with telomeres. Remarkably, the

fluorescence recovery lifetime (t) of GFP-POT1 at telomeres in

TRF1-depleted cells (11.5 ± 0.7 s; mean ± SEM) was approxi-

mately one half that of untreated cells (20.6 ± 1.1 s) (Figures 5B

and 5C; Movie S3) and the fraction of mobile molecules

increased from 0.60 to 0.73. Additionally, t of TRF2-N53D

(10.1 ± 0.6 s) and TRF2-Y60F (11.0 ± 0.5 s) were significantly

shorter than that of WT-TRF2 (17.7 ± 1.6 s) and the fraction of

mobile molecules increased from 0.65 to 0.85 (Figures 5D and

S6A; Movie S4). An increase in both exchange rate and abun-

dance of the mobile fraction of the shelterin components

upon telomere decompaction is consistent with our predic-

tion that DNA decompaction increases the accessibility of

telomere-interacting proteins to the interior of telomeric chro-

matin. Observed recovery in compact telomeric structures is

most likely due to protein exchange with the surface of telomeric

chromatin.

Shelterin-Mediated Telomere Decompaction Is
Independent of DDR Accumulation
In principle, the results presented above are also consistent with

the possibility that activation of the DDR at telomeres leads to

DNA decompaction, rather than vice versa (Figure 6A). To distin-

guish whether DNA decompaction or DDR accumulation occurs

first at telomeres upon loss of shelterin components, we specif-

ically triggered the non-homologous end joining (NHEJ) pathway

at telomeres by expressing TRF2MYB or TRF2DBDM (Karlseder
740 Cell 164, 735–746, February 11, 2016 ª2016 Elsevier Inc.
et al., 1999). If DDR accumulation, not shelterin removal, leads

to telomere decompaction, removal of endogenous TRF2 from

telomeres by TRF2MYB or TRF2DBDM expression is not expected

to exhibit telomere decompaction in ATM-inactive cells. To inac-

tivate the NHEJ pathway, we depleted ATM kinase, MRE11A, or

Ku70 in HeLa cells using RNAi (Figure S3C)(Lottersberger et al.,

2013). Expression of TRF2MYB in ATM-kinase-depleted cells did

not result in a significant increase in the number of TIF spots (p =

0.49) (Figures 6B and 6C)), demonstrating that these cells are

incapable of activating the ATM pathway. Similar to untreated

cells, expression of TRF2MYB in cells depleted of ATM kinase,

MRE11A or Ku70 led to an�2- to 4-fold increase in telomere vol-

ume (Figures 6D and S6B). In addition, depletion of ATM kinase

did not significantly affect decompaction of telomeric chromatin

in TRF2DBDM-expressing cells (Figure S6C).

The recruitment of DDR proteins led to a further 20%–40%

DNA decompaction (Wilcoxon Rank test, p = 0.0005) (Fig-

ure S6D), in agreement with the decompaction of nontelomeric

regions following activation of DDR signals (Floyd et al., 2013).

Alternatively, ATM-mediated TRF1 phosphorylation has been

shown to downregulate TRF1 association with telomeres (Kishi

and Lu, 2002; Wu et al., 2007), which would lead to decompac-

tion. Importantly, the 20%–40% increase in telomere volume

by DDR accumulation is relatively minor compared to the 5- to

10-fold decompaction upon TRF1, TRF2, or TIN2 removal.

Therefore, the decompaction of telomeric chromatin is mainly

due to the removal of or the mutations to shelterin components,

not the result of DDR accumulation.

Reversible Control of Telomere Compaction Alters TIF
Accumulation
The strong correlation we observed between telomere decom-

paction and TIF accumulation could also arise if these were

two independent processes that occur simultaneously when

shelterin components are inactivated or depleted (Figure 7A). If

this were the case, the recompaction of telomeric chromatin

would not be expected to rescue telomeres against TIF accumu-

lation (Figure 7A, blue and red arrows). To test this idea, we

developed an orthogonal method to recompact telomeres

following perturbations of shelterin components.



Figure 5. Shelterin-Mediated Telomere

Compaction Reduces the Accessibility of

Telomere-Associated Proteins

(A) A model for higher-order remodeling of telo-

meres by shelterin. Shelterin remodels dsTEL

tracts into a globular nucleoprotein mesh, which

reduces the accessibility of the DDR signals and

other telomere-associated proteins to telomeric

sites. The removal of shelterin leads to more than a

10-fold decompaction of telomeric chromatin and

exposes the protected sites to the DDR signals.

(B) Images of selected time points from FRAP ex-

periments in live HeLa cells expressing GFP POT1

in the absence and presence of TRF1 siRNA

treatment. Circular regions covering a single telo-

mere (red circles) were photobleached with a

focused laser beam. Images were acquired before

bleaching and at 3 s intervals after bleaching,

starting at 0 s.

(C) The recovery of GFP-POT1 fluorescence at

individual telomeres is faster in TRF1-depleted

cells than untreated cells. Values represent mean

± SEM from 15 cells.

(D) Quantitative analysis of the recovery of TRF2

fluorescence at individual telomeres showed that

TRFH dimerization mutants recover faster thanWT

TRF2. Values represent mean ± SEM from 15 cells.

See also Figure S6 and Movies S3 and S4.
First, we tested the role of TRF2 dimerization in telomere pro-

tection while maintaining other telomere-related functions of

TRF2. Because TRF2 dimerization mutants tightly bind to telo-

meres (Figure 3D), they are expected to retain their interactions

with telomere-associated proteins in the monomeric state. The

N terminus of a TRF2 dimerization mutant (N53D and Y60F)

was fused to a DmrB tag, which undergoes chemically inducible

dimerization in the presence of a B/B dimerizer (Figure 7B).

Expression of DmrB-TRF2-N53D in the absence of B/B led to

telomere decompaction and TIF accumulation (Figures 7C, 7D,

and S7), similar to that observed in cells expressing untagged

versions of these mutants (Figures 3E and 4B). Addition of B/B

induced compaction of telomeric chromatin comparable to

that of native cells. Washing out B/B with a competing ligand

led to a similar increase in telomere volume, as was observed

in the absence of B/B. Finally, addition of B/B after the removal

of the competing ligand rescued telomere compaction. There-
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fore, telomeres were reversibly decom-

pacted and recompacted by controlling

the monomer-to-dimer formation of

DmrB-TRF2-N53D (Figures 7C and 7D).

Contrary to the prediction of the model

in Figure 7A, the number of TIF spots

per cell strongly correlated (Pearson’s

r = 0.91) with the changes in telomere vol-

ume, providing a mechanistic link be-

tween chromatin decompaction and

DDR activation at telomeres. Similar re-

sults were observed with DmrB-TRF2-

Y60F (Figure S7). These results are also

consistent with the reversibility of telo-
mere deprotection using a temperature-sensitive mutant of

TRF2 (Konishi and de Lange, 2008).

To further demonstrate that recompaction of telomeric chro-

matin removes DDR signals from telomeres, we attempted to re-

compact telomeric chromatin in TIN2-depleted cells. Unlike the

rescue of TRF2 dimerization, integrity of the shelterin complex

could not be maintained in these cells because TRF1, TRF2,

and TPP1 do not interact with each other in the absence of

TIN2. We tested whether the lack of TIN2 can be compensated

by overexpression of TRF1 or TRF2, which compact telomeric

chromatin by a mechanism fundamentally distinct from that of

TIN2. Consistent with our model, TRF2 overexpression rescued

telomere decompaction by �31% and reduced the number of

TIFs by 53% (Figure 7E). Remarkably, TRF1 overexpression

compensated for the removal of TIN2 from telomeres by 85%

in both telomere decompaction and TIF accumulation, in agree-

ment with its major role in telomere remodeling. Together, these
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Figure 6. Telomere Decompaction upon TRF2 Removal Is Un-

coupled from the ATM-Pathway

(A) If the accumulation of DDR signals precedes telomere decompaction upon

shelterin depletion, inactivation of the DDR pathway would prevent telomere

decompaction in shelterin-depleted cells.

(B) The overlay images of telomeres detected by mEos2-TRF2 (green) and the

DNA repair sites probed by immunolabeling of 53BP1 with Alexa-647 (red). TIF

spots (yellow) were determined by colocalization of the fluorescence signals of

TRF1 or TRF2 (green) and 53BP1 (red). TRF2MYB expression leads to a large

increase in TIF spots in ATM active cells, but TIF spots are significantly

reduced in ATM knockdown cells.

(C) Comparison of the number of TIF spots per cell in WT-TRF2- (yellow shade)

and TRF2MYB-expressing (blue shade) cells. Error bars show SEM. N is >50

for each case.

(D) Comparison of the telomere volume in WT-TRF2- (yellow shade) and

TRF2MYB-expressing (blue shade) cells. TRF2MYB expression leads to telo-

mere decompaction even in cells depleted of DDR proteins. Error bars show

SEM. Ntelomeres is >150 for each case.

See also Figure S6.
results demonstrate that shelterin-mediated telomere compac-

tion significantly reduces TIF accumulation.

DISCUSSION

In this study, we directly observed that human telomeres are

condensed into tight globular structures in vivo, similar to those

seen in mouse cells (Doksani et al., 2013). Hypercondensation of

telomeres is primarily mediated by shelterin components and te-

lomeric DNA, not by histone deacetylation, DNA methylation, or

histone trimethylation. We have provided evidence that shel-

terin-mediated telomere compaction plays a major role in the

protection of mammalian telomeres from targeting by the DDR

machinery. Removal or manipulation of shelterin components

leads to decompaction of telomeric chromatin, which triggers

access of DDR signals at telomere ends. These results challenge
742 Cell 164, 735–746, February 11, 2016 ª2016 Elsevier Inc.
the established views of how cells solve the chromosome end-

capping problem. We propose that shelterin components safe-

guard telomere ends not only by binding to the telomeric sites

that are prone to DDR recognition, but also by remodeling telo-

meric DNA into a dense network of nucleoprotein structures,

which substantially reduce the accessibility of DDR signals.

Shelterin Mediates High-Order Compaction of
Telomeric Chromatin
Shelterin compacts telomeric DNA primarily through the action

of TIN2, which bridges TRF1 and TRF2 bound to distal dsTEL

tracts. Because each TRF1 and TRF2 homodimer can potentially

interact with two TIN2 molecules, telomeric chromatin may be

crosslinked extensively through a complex network of interac-

tions between shelterin and telomeric DNA. Mutations that

disrupt TRF1 or TRF2 homodimerization, but not their localiza-

tion to telomeres, also led to an increase in telomere volume,

consistent with the ability of these proteins to loop (Griffith

et al., 1998; Griffith et al., 1999) and condense (Poulet et al.,

2012) telomeric tracts in vitro. Depletion of TRF1 and TRF2 leads

to higher levels of telomere decompaction than expression of

their dimerization mutants, presumably because depletion im-

pairs both mechanisms of inter-repeat crosslinking.

Remarkably, disrupting TRF2 dimerization resulted in a larger

increase in telomere volume than that of TRF1, in contrast to

larger decompaction observed in TRF1 depleted cells compared

to the TRF2 removal (Figure 2B), suggesting that TRF1 and TRF2

play distinct DNA remodeling roles during telomere compaction.

TRF1 recruitment may be more critical for the assembly of shel-

terin onto telomeres and for the crosslinking of dsTEL tracts.

TRF2 preferentially binds to three- and four-way junctions

(Fouché et al., 2006; Poulet et al., 2009) and facilitates t-loop

formation (Griffith et al., 1999), which may require TRF2

dimerization.

The Telomere Compaction Model
The removal or perturbation of shelterin components resulted in

a large increase in telomere volume. Decompacted telomeres

were more likely to recruit DDR signals, suggesting that DNA

compaction reduces the access of DDR signals to telomeres.

The model is consistent with the view that euchromatin, which

is less compact, exhibits faster detection and repair kinetics as

compared to heterochromatin (Murga et al., 2007). Accessibility

differences could result from differential compaction levels such

that ssTEL and dsTEL tracts buried inside a compact mesh are

shielded from the DDR signals. Alternatively, DDR components

may access telomeres due to loss of selective permeability (Lé-

nárt et al., 2003) or phase separation (Li et al., 2012) upon the

removal of shelterin components.

It has been shown that depletion of individual shelterin compo-

nents triggers specific DDR pathways at ssTEL tracts or the

ssTEL/dsTEL junction (Sfeir and de Lange, 2012). The telomere

compaction mechanism is consistent with these observations

and suggests that shelterin has at least two major roles in

telomere capping and DDR suppression. First, shelterin con-

denses telomeric repeats into a dense network of nucleoprotein

structures and reduces the accessibility of the sites that are

prone to DDR recognition. Thus, shelterin-mediated chromatin



Figure 7. Recompaction of Telomeric Chro-

matin Reduces TIFs

(A) If DDR accumulation and DNA decompaction

occur simultaneously upon the removal of shelterin

from telomeres, recompaction of telomeric chro-

matin using an orthogonal method (blue arrow)

would not reduce DDR accumulation (red arrow).

(B) A DmrB tag is fused to the N terminus of TRF2-

N53D. Monomer-to-dimer transition of TRF2 is

controlled by the B/B dimerizer and B/B washout

ligand.

(C) Representative telomeric structures (upper)

and TIF spots (lower) (yellow; green, TRF2; red,

53BP1) as monomer-to-dimer transition of TRF2 is

reversibly controlled in HeLa cells.

(D) Telomeric chromatin in DmrB-tagged TRF2-

N53D-expressing cells is reversibly compacted by

dimerization and decompacted by monomer-

ization of TRF2-N53D (blue shaded region). The

number of TIF spots per cells correlates strongly

(dotted line, Pearson’s r = 0.91) with changes in

telomere volume in these cells (mean ± SEM).

Values for cells expressing WT TRF2 and TRF2-

N53D without the DmrB tag are shown for com-

parison (green shaded region).

(E) Overexpression of TRF1 and TRF2 in TIN2-

depleted cells leads to telomere compaction and

reduction in the number of TIFs per cell.

Error bars are SEM. See also Figure S7.
compaction serves as a general mechanism for protection

against a wide variety of DDR pathways at telomeres. Second,

TRF2 and POT1 tightly bind to dsTEL/ssTEL junction and ssTEL

tracts (Palm and de Lange, 2008) and specifically suppress the

initiation of ATM and ATR pathways, respectively. Therefore,

removal of these proteins from telomeres leads to the activation

of specific DDR pathways.

Efficient protection of telomeres is likely to require both the

compaction of telomeric chromatin and the binding of individual

shelterin components to ssTEL tracts or the ssTEL/dsTEL junc-

tion. When the interactions between shelterin components are

compromised, telomeric chromatin decompacts and the pro-

tected telomeric sites become accessible to DDR proteins.

As a result, DDR signaling proteins more effectively displace

shelterin components from ssTEL tracts or the ssTEL/dsTEL

junction.

TIN2 is essential for efficient protection of telomeres against

both ATM and ATR (Sfeir and de Lange, 2012; Takai et al.,

2011), although TIN2 does not directly bind to telomeric DNA.

Our model predicts that TIN2 compacts telomeric chromatin

by interacting simultaneously with TRF1 and TRF2 (Takai

et al., 2011), effectively reducing the accessibility of telomeres

to DDR signals. Furthermore, TIN2 stabilizes the interaction of

POT1/TPP1 with ssTEL by crosslinking it to the rest of the shel-
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terin complex (Takai et al., 2011), thus

reducing the ability of RPA to displace

POT1 from ssTEL. Consistently, a TIN2

mutant that does not interact with TRF1

triggers ATM, ATR, and classical NHEJ

pathways, but protection against all
three pathways was restored when the mutant was artificially

linked to RAP1 (Frescas and de Lange, 2014). This could be

because the artificial TIN2-RAP1 link reestablishes the complex

network of interactions for the compaction of telomeric

chromatin.

The telomere compaction model is not mutually exclusive with

the proposed roles of t-loops in DDR prevention (Palm and de

Lange, 2008). T-loops were not visible in super-resolution im-

ages, probably due to the elasticity and high-order compaction

of telomeric DNA.

Implications for Telomere Length Control
The telomere compaction mechanism may also have important

implications for telomere length control. Telomeres gradually

shorten during each cell division, and telomere attrition is coun-

teracted by telomerase, a reverse transcriptase that adds telo-

meric repeats at the terminus of the G overhang (Egan and

Collins, 2012). Short telomeres serve as a better substrate for

telomerase than long telomeres, creating a feedback mecha-

nism to maintain the telomere length (Takai et al., 2010). The

protein counting model proposed that longer telomeres recruit

more TRF1 and TRF2 and form a closed state that inhibits telo-

merase access (Smogorzewska et al., 2000). As telomeres

gradually shorten, they switch to an open state due to the
February 11, 2016 ª2016 Elsevier Inc. 743



scarcity of TRF1 and TRF2. Our results are consistent with this

model and provide a structural basis for the open and closed

states of telomeres. The closed state may correspond to the

shelterin-mediated compaction of telomeric chromatin, which

may block the access of telomerase to the G overhang, in a

manner similar to the suppression of the DDR signals. Telo-

meres may switch to an open state as they shorten due to

the inability of short telomeres to form compact chromatin

structures. Alternatively, the G overhang becomes permeable

or surface-exposed in short telomeres, and recruits telomerase

to its terminus.

In addition to their DNA binding and remodeling roles, shel-

terin components recruit accessory factors that reduce access

of upstream DDR signals to telomeres (Okamoto et al., 2013)

and directly interact with histone proteins (Galati et al., 2006;

Pisano et al., 2010), telomeric repeat-containing RNA (Deng

et al., 2009), and telomerase (Nandakumar et al., 2012; Sexton

et al., 2012). We anticipate that the experimental approach

developed in this study will serve as a powerful tool to map

out how shelterin and other telomere associated factors

contribute to higher-order remodeling and maintenance of telo-

meric chromatin in vivo.

EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification

TRFH point mutants of TRF1 and TRF2 were expressed in E. coli. Size-exclu-

sion chromatography was performed using a HiLoad 16/600 Superdex 200 pg

column. For PALM imaging assays, native and mutant human shelterin com-

ponents were cloned into the pEGFP-C1 vector containing an N-terminal

mEos2. TRF2DBDM was fused to blue fluorescent protein (BFP) for multicolor

PALM imaging. For telomere rescue assays, a DmrB tag (Clontech) was fused

to the N terminus of TRF2-N53D and TRF2-Y60F. The complete list of plas-

mids used is shown in Table S1.

Cell Culture

Human cells were cultured at 37�C. Transfections were performed using Lip-

ofectamine 2000 at 50%–70% confluence.The cells were fixed with 4% para-

formaldehyde 24–48 hr post-transfection. For cell-cycle measurements, HeLa

cells were synchronized with a double thymidine block. Cell-cycle distribution

of the cells was quantified by flow cytometry. Both siRNA- and shRNA-medi-

ated depletion of telomere-associated proteins were determined by real-time

PCR and fluorescence imaging.

Imaging and Data Analysis

Images for TIF analysis were collected using confocal microscopy.

FRAP measurements were performed on a Zeiss LSM 710 microscope.

Telomeres were photobleached using a 0.8-mW-focused 488 nm beam,

and fluorescence recovery at telomeres was measured every 3 s under

0.4 mW excitation.

FISH samples were prepared as described (Lackner et al., 2011). STORM

imaging was done in PBS buffer supplemented with methylethylamine (MEA)

and a protocatechuic acid/protocatechuate-3,4-dioxygenase (PCA/PCD)

system.

Super-resolution images were recorded using a cycle containing one frame

for photoconversion at 405 nm excitation followed by 5 frames of imaging un-

der 532 nm excitation (150 ms per frame). Camera acquisition and laser exci-

tation were synchronized through custom software written in LabView. Images

were analyzed using software provided by B. Huang (University of California,

San Francisco [UCSF]). The resolution of 2D PALM imaging is defined as

SEM of a typical mEos2 spot.

Detailed procedures for cloning, purification, light microscopy, and data

analysis are described in Supplemental Experimental Procedures.
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(2012). Beyond repair foci: DNA double-strand break repair in euchromatic

and heterochromatic compartments analyzed by transmission electron micro-

scopy. PLoS ONE 7, e38165.

Lottersberger, F., Bothmer, A., Robbiani, D.F., Nussenzweig, M.C., and de

Lange, T. (2013). Role of 53BP1 oligomerization in regulating double-strand

break repair. Proc. Natl. Acad. Sci. USA 110, 2146–2151.

Ludérus, M.E., van Steensel, B., Chong, L., Sibon, O.C.M., Cremers, F.F.M.,

and de Lange, T. (1996). Structure, subnuclear distribution, and nuclear matrix

association of the mammalian telomeric complex. J. Cell Biol. 135, 867–881.
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