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Abstract

The DNA damage response (DDR) arrests cell-cycle progression until damage is removed. DNA
damage-induced cellular senescence is associated with persistent DDR. The molecular bases that
distinguish transient from persistent DDR are unknown. Here we show that a large fraction of
exogenously-induced persistent DDR markers are associated with telomeric DNA in cultured cells
and mammalian tissues. In yeast, a chromosomal DNA double-strand break (DSB) next to
telomeric sequences resists repair and impairs DNA ligase 4 recruitment. In mammalian cells,
ectopic localization of telomeric factor TRF2 next to a DSB induces persistent DNA damage and
DDR. Linear telomeric DNA, but not circular or scrambled DNA, induces a prolonged checkpoint
in normal cells. In terminally-differentiated tissues of old primates, DDR markers accumulate at
telomeres which are not critically short. We propose that linear genomes are not uniformly
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reparable and telomeric DNA tracts, if damaged, are irreparable and trigger persistent DDR and

cellular senescence.
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Cellular senescence is a stable condition in which cells are unable to further divide® 2. In
addition to suppressing cancer development3-6, cellular senescence also has been
demonstrated to contribute to organismal ageing and healthspan’. Its establishment has been
observed following telomere shortening below a crucial length810, upon oncogene
activationll: 12 or exposure to exogenous DNA damaging agents'3. These events are
associated with the activation of DNA damage response (DDR) pathways. Indeed, ageing is
associated with increased frequency of DDR-positive cells in a variety of different organs,
tissues and cell typesi4-17,

The DDR apparatus coordinates cellular DNA repair activities promptly upon DNA damage
detection and transiently arrests cell-cycle progression in proliferating cells (checkpoint
function) until DNA damage has been removed in full'®. The molecular mechanisms
underlying the observed prolonged, seemingly permanent, DDR activation in senescent cells
are unclear. DDR persistency, usually detected in the form of distinct nuclear DDR foci
which label genomic DNA damage sites!8: 19, may be consequent to persistent DNA lesions.
However, the efficacy, rather than the efficiency, of normal mammalian cells to repair DNA
damage has not been thoroughly investigated.

RESULTS

Normal human fibrobasts cannot repair exogenous DNA damage in full and retain
persistent DDR foci

We exposed non-proliferating (quiescent) early passage normal human diploid fibroblasts
(HDFs) to ionizing radiations (IR, 20 Gy). As quiescent cells do not proliferate, no telomere
shortening, a potential trigger of DDR activation and cellular senescence, can occur. Cells
were then stained before and at various time points after IR for evidence of DDR activation
in the form of distinct nuclear foci containing the phosphorylated histone H2AX (yH2AX)
and proteins phosphorylated by the activated form of ataxia-telangiectasia mutated (ATM)
or the ATM-and Rad3-related protein (ATR) (pS/TQ). We observed that, despite an efficient
wave of repair leading to a progressive reduction in time of IR-induced DDR foci, measured
both as percentage of DDR-positive cells and as number of DDR foci per cell, a small but
significant number of focal DDR signals persists in the majority of irradiated cells, even four
months post-IR, the last time point studied (Fig. 1a). These few but persisting DDR
signalling events cause the establishment of cellular senescence in these cells (hereafter
named IrrSen), as demonstrated by high senescence-associated B-galactosidase (SA-B-gal)
activity and inability to incorporate BrdU, despite replating and release from contact
inhibition (Suppl. Fig. S1a). Transient inhibition of ATM kinase activity by a small
molecule compound leads to rapid DDR inactivation, escape from senescence, and increased
levels of KI-67, a marker of cell proliferation (Suppl. Fig. S1b and data not shown). These
results indicate that sustained DDR is constantly and actively maintained and that this
signalling is necessary for IR-induced senescence maintenance.

Persistent DDR activation can also be observed upon exposure to 20 Gy fractionated in 10
days (2 Gy each day) or, to a comparatively lower extent, upon a single 2 Gy dose (Suppl.
Fig. S1c), in 20 Gy-irradiated proliferating cells (Suppl. Fig. S1d, €), in an independent HDF
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strain (MRC5; Suppl. Fig. S2a), in cells expressing telomerase (BJ hTERT; Suppl. Fig.
S2b), in cells maintained at low (3%) oxygen tension (Suppl. Fig. S2c), and in proliferating
cells treated with bleomycin, a DNA damaging agent also used in cancer therapy2° (Suppl.
Fig. S3a). Thus, upon exposure to DNA damaging agents under different conditions, while
the majority of DDR foci are transient and thus inconsequential for cell proliferation, the
few DDR foci that persist are sufficient to maintain cellular senescence and impair the
ability of cells to recover and proliferate.

We also observed, consistent with a recent report?1, that IrrSen cells display focal
accumulation of the activated form of CHK2 (CHK2 pT68), which colocalizes with
persistent yH2AX foci, while freshly-irradiated cells show a more diffuse nuclear staining
(Suppl. Fig. S3b). This suggests that DNA damage that is not promptly resolved causes
downstream DDR factors (such as CHK?2) to be retained longer at lesion sites.

As persistent DDR foci are those that ultimately determine the fate of a cell, it is important
to understand their nature. We first tested whether the observed persistence is the result of
compromised DNA repair capacity of senescent cells. IrrSen and Quie HDFs were exposed
in parallel to the same dose of IR and DNA damage repair kinetics were monitored by DDR
foci detection and quantification. We discovered that yH2AX and p53-binding protein 1
(53BP1) foci induced in IrrSen HDFs progressively disappear with a kinetic similar to that
observed in Quie HDFs (Fig. 1b). Therefore, senescent cells are DNA repair proficient and,
since they can form both repairable transient DDR foci and persistent ones, the observed
DDR persistency cannot be a feature of cells unable to repair the damage, rather it is the
consequence of the irreparability of individual DNA breaks. Overall, these results indicate
that following DNA damage generation, the choice between senescence or proliferation is
dictated by the presence, or absence, of even few irreparable DNA lesions (Fig. 1c).

Persistent DDR foci are localized at telomeres

The molecular bases that distinguish repairable/transient DDR foci from irreparable/
persistent DDR foci are unknown. We hypothesised that persistent DDR foci may result
from DNA damage occurring at genomic loci that resist cellular DNA repair activities. We
also reasoned that, if such loci were not negatively selected during evolution, they should
provide a selective advantage to the cell. Telomeres are genomic loci made of repetitive
DNA sequences, all with the same orientation, coated by specific proteins that function to
inhibit DNA repair at chromosome termini in order to prevent chromosomal fusions and
consequent genome instability?2. We reasoned that telomeric repeats and factors, while
acting cumulatively at the chromosome distal end, may also prevent DNA repair throughout
their length, thus inhibiting repair of DNA damage generated within repeats (see model in
Fig. 2a). In support of this model, in /n vitro DNA repair assays using human cell extracts,
telomeric DNA repeats resist Non-Homologous End-Joining (NHEJ) at their 3" end?3: 24,

IR is expected to generate DNA damage and DDR foci randomly. While most DNA damage
is repaired and the total number of DDR foci progressively declines, if telomeres resist
repair, the fraction of persisting DDR foci at telomeres should progressively increase over
time. We therefore performed immunofluorescence stainings against the DDR factor 53BP1,
in conjunction with fluorescence /n situ hybridization (FISH) using a telomeric Cy3-
conjugated peptide-nucleic acid (PNA) probe (immunoFISH) in two independent HDF
strains (BJ and MRC5), at different time points following exposure to IR. As a control, cells
were stained for CENP-C, a marker of centromeres, genomic regions also made of repetitive
sequences, like telomeres. By using an unbiased method of colocalization analysis based on
imaging software, we discovered that, while the number of DDR foci per cell progressively
declines, the fraction of those that colocalize with a telomeric signal gradually increases.
Thirty days after IR, up to 40% of 53BP1 foci that have not been repaired are detected at
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telomeres, while much fewer are at centromeres in both cell strains (Figs. 2b, c). Such DDR
accumulation is highly significant as telomeres represent a very small fraction of the genome
(around 0.02 %). Similar results were obtained using yH2AX as an independent DDR
marker (Suppl. Fig. S4a). These conclusions are not restricted to IR, since also bleomycin
induces persistent DDR foci that colocalize with telomeric signals to a similar extent (Suppl.
Fig. S4b). In addition, a fractionated dose of 20 Gy (2 Gy each day for 10 days) generates a
similar number of persistent DDR foci at telomeres (Suppl. Fig. S4c). This suggests that the
observations made with a single 20 Gy dose are unlikely to be due to acute generation of
excessive DNA damage and potential squelching of DNA repair factors. Furthermore, when
cells were analysed 30 days after a single dose of 2 Gy, although persistent DDR foci were,
as expected, lower in number (Suppl. Fig. S1c), their fraction at the telomeres was similar to
that observed after a 20 Gy dose (Suppl. Fig. S4c).

Part of these results could be reproduced using very similar experimental settings2°.

Persistent DDR foci are physically associated with chromosomal telomeres

To independently interrogate the preferential localization of persistent DDR marks in the
genome, we mapped yH2AX genome-wide in IrrSen and control Quie cells by chromatin
immunoprecipitation experiments and next generation sequencing (ChlPseq). Analysis of
individual chromosomes showed that the highest peak of each chromosome arm was within
5 Mbp from the chromosome end at 20 out of 41 mapped chromosome ends (Fig. 3a) and,
overall, among the 10 highest peaks, 8 were within 5 Mbp of a chromosome end.
Furthermore, by compiling the signals of IrrSen over Quie cells from all chromosome arms
according to their distance from the chromosome end, we observed a statistically significant
enrichment for yH2AX in the most distal 5 Mbp of mapped DNA (Fig. 3b).

In addition, we performed ChlIP assays followed by quantitative real-time PCR (qPCR)
using an independent set of PCR primers, previously validated in replicative senescent
HDFs19. We observed that increasing amounts of antibodies against yH2AX
immunoprecipitate increasing amounts of subtelomeric DNA in IrrSen HDFs but not in non-
irradiated Quie HDFs (Fig. 3c) and that such enrichment decreases from the chromosome
terminal region towards the centromere (Fig. 3d), in a manner similar to that observed in
cells undergoing telomere uncapping following removal of the telomeric repeat binding
factor 2 (TRF2) (Suppl. Fig. S4d). Overall, these results confirm the preferential localization
of persistent DDR at telomeres and demonstrate that DDR association results from physical
association, not mere cytological proximity, with the telomeres.

Exogenously-induced persistent DDR foci colocalize with telomeres also in vivo

We next extended our analyses to determine whether also /n7 vivo DNA damage can persist
and preferentially localise at telomeres. We thus exposed mice to whole-body IR and
monitored DDR foci appearance and progressive resolution in terminally differentiated
neurons in the brain hippocampus. We observed that a DDR in the form of distinct 53BP1
foci is robustly detected in hippocampal neurons immediately after IR. Twelve weeks after
treatment, while most DDR foci had disappeared, remaining 53BP1 foci were still detectable
(Fig. 4), consistent withZ6, We then tested by immunoFISH whether these persistent DDR
foci colocalize with telomeric DNA. We discovered that nearly 40% of 53BP1 foci
colocalize with a telomeric signal after twelve weeks post irradiation, while CREST
antibodies labelling centromeres rarely do (Fig. 4). Thus, also /n vivo in terminally
differentiated non-proliferating cells, a fraction of DNA breaks keeps signaling and a
significant portion of them localizes at telomeres.

Nat Cell Biol. Author manuscript; available in PMC 2013 July 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fumagalli et al. Page 5

DDR foci persistence at telomeres is neither due to TRF2 loss nor telomeres
heterochromatin structure

TRF2 is a mammalian protein that directly binds to telomeric DNA and its loss triggers
DDR activation at telomeres® 27: 28, Furthermore, it has been shown to be downregulated
during replicative senescence??. We therefore tested whether persistent DDR foci at
telomeres in IrrSen cells were associated with TRF2 loss. First, we observed that the
abundance of TRF2 in the cell is not significantly affected upon irradiation (Fig. 5a). In
addition, persistent DDR foci (pS1981 ATM) in IrrSen cells colocalize with TRF2 focal
signals or telomeric DNA to the same extent (Suppl. Fig. S5a and Figs. 2b, c). Thus, DDR
activation in IrrSen cells is not associated with detectable TRF2 loss or mislocalization.
Nevertheless, to functionally test this possibility, we overexpressed TRF2 in HDFs and
exposed them to IR (Fig. 5b). We observed that TRF2 overexpression does not prevent the
appearance of persistent DDR foci at telomeres (Suppl. Figs. S5b—d) or the establishment of
cellular senescence, as determined by BrdU incorporation rates (Fig. 5¢) and SA-B-gal
activity (Suppl. Fig. S5e).

We next tested if persistent DDR at telomeres was related to the heterochromatic structure
of chromosome ends3C. We therefore perturbed heterochromatin with a histone deacetyalse
(HDAC) inhibitor, valproic acid (VPA)3! (Fig. 5d), or by knocking down KAP-1 (Fig. 5g),
an important mediator of the activity of ATM in heterochromatin32, and we exposed these
and control cells to IR. We observed that neither treatments make a significant impact on the
numbers of persistent DDR foci per cell (Figs. 5e, h) or the fraction of DDR foci at
telomeres (Figs. 5f, i). Thus, persistent DDR is not the consequence of the heterochromatic
nature of the telomeres.

Telomeric DNA next to a chromosomal DSB prevents its repair

We next aimed to directly test the hypothesis that telomeric repeats resist DNA-double
strand break (DSB) repair. For this purpose, we employed one of the most robust and best
characterized systems commonly used to assess DSB repair in a chromosomal context in a
living cell: the inducible expression of the HO endonuclease in Saccharomyces cerevisiae
cells. We used two isogenic strains: one carrying the HO cleavage site next to a stretch of
telomeric repeats, and one carrying the HO site but lacking adjacent telomeric repeats33: 34
(Fig. 6a). As expected, the HO-induced DSB generated in G1 in a non-telomeric region is
efficiently repaired by NHEJ. Strikingly, however, the HO break next to telomeric repeats is
not, and repair is suppressed to the same extent observed in DNA ligase 4-deleted (/ig4A4)
strains, which we used as a control (Fig. 6b). Thus, a chromosomal DSB next to telomeric
repeats resists DNA repair. To investigate which is the specific step that is impaired in the
DNA repair process, we set up conditions for ChlP assays followed by gPCR to detect ligase
4 (the enzyme responsible for DNA ligation in NHEJ) at the HO cut site flanked, or not, by
telomeric repeats. We observed that, while ligase 4 is efficiently recruited to the DSB site,
such recruitment is dramatically reduced at the chromosome end flanked by telomeric
repeats (Fig. 6c).

Ectopic localization of TRF2 next to a DSB impedes repair and fuel prolonged DDR
activation

Irreparability may be a feature of telomeric DNA per se or of the proteins that bind to it.
Mammalian TRF2 was previously shown to prevent chromosomal fusions in7 vive?’: 35 and
to inhibit NHEJ /n vitro?3 24, We therefore generated a gene fusion product between the
lactose inhibitor (Lacl) and a truncated form of TRF2 (Lacl-TRF2), lacking its DNA
binding domain — a similar fusion protein was previously proven to be functional in
telomere studies36. We expressed this fusion protein in a mouse fibroblast cell line (NIH
2/4) carrying a single integrated cut site for the inducible endonuclease I-Scel, flanked by
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lactose operator repeats on one side and by tetracycline operator repeats on the other3’ (Fig.
7a). The expression of the tetracycline repressor fused to the yellow fluorescent protein
(YFP-Tet) allows the visualization of this genomic locus in the nucleus. Since the
expression of Lacl-TRF2 allows the accumulation of TRF2 next to an exposed non-
telomeric DNA end, this structure mimics, to an extent, a telomere that bears telomeric
proteins yet lacks telomeric DNA. Upon induction of the fusion product between I-Scel
endonuclease and the red fluorescent protein and glucocorticoid receptor ligand binding
domain (RFP-1-Scel-GR) (see Figure legend 7a for details)3’, a local DDR is triggered, as
shown by yH2AX focus formation colocalizing with YFP-Tet punctuated signal (Suppl.
Fig. S6a). Upon RFP-1-Scel-GR inactivation, in cells expressing Lacl alone, cellular DNA
repair activities reduce the percentage of DDR-positive cells at the locus studied (from 65%
to 22%). However, in Lacl-TRF2 expressing cells, DDR focus persists in a significantly
larger fraction of cells compared to the Lacl control (40% vs22%, respectively) (Fig. 7b).
This is despite similar initial cutting rates (63% vs65%). The generation of a physical DNA
damage and its subsequently repair mirrors DDR focus formation, as shown by the presence
of exposed single-stranded DNA detected by BrdU staining under non-denaturing conditions
(Fig. 7c). As an additional control, the expression of Lacl fused to the cyan fluorescent
protein or Lacl alone allows DNA damage foci resolution to a similar extent (Suppl. Fig.
S6b), suggesting that the inhibition of DNA repair mediated by Lacl-TRF2 is specific and
not due to steric hindrance. Importantly, this activity acts locally /n cis only, as irradiated
cells expressing Lacl or Lacl-TRF2 show comparable DDR foci resolution rates in the
nucleus (Suppl. Fig. S6c). Therefore, TRF2, a crucial component of telomeres, is sufficient
to control DNA repair and DDR focus persistence when ectopically expressed next to a
DNA break.

Exposed telomeric DNA ends in a cell cause prolonged cell-cycle arrest

According to our model, telomeric DNA ends exposed by DNA damage resist repair and
they are thus expected to cause a more protracted DNA damage-induced checkpoint
compared to non-telomeric ones. To functionally test this, we microinjected plasmids
carrying a stretch of 24 telomeric (TTAGGG) or scrambled (TGAGTG) tandem-repeats in
HDFs nuclei. The plasmids were injected either linearized at the 3" end of the repeats or in
their circular form, as a control (Suppl. Fig. S7a) — these linear plasmids were previously
tested /n vitro and the telomeric one was demonstrated to resist repair by NHEJZ3,
Importantly, when introduced in mammalian cells, these exogenous telomeric, but not
scrambled, DNA repeats are recognized by endogenous telomeric proteins, as demonstrated
by ChIP (Suppl. Fig. S7b). We then tested the impact of the exposure in the nucleus of
HDFs of these two types of DNA ends on progression through S-phase and mitosis.
Consistent with published evidence38, linear DNA plasmids inhibited DNA synthesis,
indicating the activation of a DNA damage-induced checkpoint within 24 hours of
microinjection, while circular plasmids made only a minor impact (Fig. 7d). However, after
additional 24 hours, while cells microinjected with linear scrambled DNA initiated cell-
cycle reentry into S-phase, as demonstrated by BrdU incorporation rates similar to circular
DNA-injected cells, the cells carrying the linear telomeric DNA persisted in their growth
arrest (Fig. 7d). Re-entry in the cell cycle is not due to plasmid degradation, as assessed by
gPCR amplification of the plasmids at 48 hours after microinjection (Suppl. Fig. S7c).
Consistent with an inhibition of proliferation, also passage through mitosis, as independently
monitored by the detection in the cytoplasm of nucleus-injected 1gG, was impaired in linear
telomeric DNA-injected cells, but was unaffected in cells injected with scrambled DNA
ends (Fig. 7e). Consistent with checkpoint enforcement and resolution, p53 phosphorylation
on Serine 15 (an ATM- and ATR-dependent phosphorylation event) is initially triggered to a
similar extent upon both telomeric or scrambled linear DNA injection, while at a later time
point only cells injected with a telomeric linear DNA show a sustained DDR signal (Suppl.
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Fig. S7d). Therefore, exposed telomeric DNA ends trigger a protracted DNA damage-
induced checkpoint that prevents cell-cycle progression.

Persistent DDR markers, in in vitro irradiated HDFs and in in vivo irradiated mouse
neurons, accumulate at telomeres which are not preferentially short

As telomere shortening triggers DDR8: 9, we tested whether DDR foci at telomeres in IrrSen
cells were preferentially associated with short telomeres. By quantifying the telomeric probe
signal intensities and distributing them in a plot according to their length, we observed no
preferential accumulation of DDR markers at short telomeres in /n vitro irradiated HDFs
(IrrSen MRC5 and BJ) (Figs. 8a, b) and in /n vivo irradiated neurons (12 weeks after IR)
(Fig. 8c). Therefore, persistent DDR caused by exogenous DNA damaging agents is not
triggered by critically short telomeres.

DDR markers during physiological ageing in primates accumulate at telomeres which are
not preferentially short

The observation that DNA damage generated at telomeres resists repair may be of relevance
for the study of ageing. Ageing is associated with DNA damage accumulationl4-17 and
DDR foci colocalizing with telomeres have been observed in vivo in ageing primates4 17, It
is presently unclear whether such DDR is triggered solely by telomere shortening. We
therefore performed immunoFISH for 53BP1 foci and telomeric DNA sequences in
hippocampal neurons and liver hepatocytes from young and old baboons. Neurons are
terminally differentiated cells and are not expected to proliferate and undergo progressive
telomere attrition; similarly, liver hepatocytes are expected to undergo no or limited
turnover. We discovered that persistent DDR foci accumulate with ageing also in these non-
dividing cells (Suppl. Figs. S8a, b). Importantly, when DDR localizes at telomeres, these are
not preferentially short (Figs. 8d, ). Therefore, in ageing animals DDR foci accumulate,
also in non-proliferating tissues, and this may occur at telomeres that are not critically short.

In summary, we propose that when cells are exposed to exogenous or endogenous sources of
DNA damage, DSBs generated throughout the genome will trigger DDR foci formation. The
vast majority of lesions will be repaired, leading to DDR foci resolution. However, those
few DSBs that happen to occur at telomeres will not be repaired, resulting in persistent DDR
foci formation that will fuel the permanent activated DNA damage-induced checkpoint state
known as cellular senescence (Fig. 8f).

DISCUSSION

Our results unravel that genomes are not uniformly repairable and that some genomic loci,
like telomeric tracts, resist DNA damage repair despite a global cellular competence for
DNA repair. Impaired repair of other types of DNA lesions has also been reported at
telomeres3? 40, Noteworthy, irreparability of telomeric tracts may be the direct and
unavoidable consequence of their functions in preventing chromosomal fusions —a DNA
repair event between chromosomes. It follows that the intrinsic vulnerability of chromosome
ends, despite its obvious drawbacks, is an evolutionary-selected trait conserved to maintain
the linear structure of chromosomes. As our observations hold true in primates, rodents and
yeast, the mechanisms uncovered seem to be ancestral and evolutionary conserved.

Ageing has been shown to correlate with, and possibly to be caused by, the accumulation of
DNA damage both in the soma and in the stem cells compartments4-17. Our discovery that
telomeres resist DNA repair provides a novel interpretation to the observed accumulation of
DDR at telomeres in ageing animals, by which DDR may arise independently of telomere
attrition. Indeed, DDR foci, previously reported in skin fibroblasts of old baboons!4, can
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also be associated with long telomeres (U. Herbig, unpublished observations). Importantly,
our results suggest a model for cellular ageing based on DNA damage accumulation and
DDR activation also in non-proliferating cells, such as terminally differentiated cells like
neurons, and quiescent stem cells.

It is interesting to mention that a recent report highlighted an inverse correlation between
lifespan and telomere length across several mammalian species®!: this is consistent with our
model in which long telomeres may offer a more abundant target for the accumulation of
irreparable DNA damage.

Finally, the notion that DDR activation at critically short telomeres is the trigger of
replicative cellular senescence®: © together with our novel results implying persistent
telomeric DNA damage in cells undergoing cellular senescence caused by DNA damaging
agents and during ageing (this manuscript), and the observation that also oncogenes induce
persistent DNA damage at telomeres (Suram, A. et al, submitted), allow us to propose a
unifying paradigm in which cellular senescence establishment is the result of irreparable
telomeric DNA damage generation and consequent persistent DDR signaling.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturecellbiology/

Early passage foreskin fibroblast BJ cells (The American Type Culture Collection, ATCC),
BJ hTERT (obtained by retroviral expression of BJ cells with hTERT), lung fibroblast
MRCS5 cells (ATCC) and HelLa (ATCC) cells were grown under standard tissue culture
conditions (or at 3% oxygen tension where indicated). Cells expressing a dominant-negative
form of TRF2 (TRF2ABAM) were used as in8. NIH2/4 cells were grown and used as in37
with few modifications available upon request. Bleomycin (Sigma-Aldrich), or its solvent
PBS, was used for 3 days at 10 pg/ml in cell culture medium and, after treatment, cell
growth was continued in regular culture medium, as in#2. Senescence-associated p-
galactosidase (SA-B-gal) assay was performed as in*3. ATM kinase inhibitor (KU55933,
Tocris bioscience), or DMSO as negative control, was used at 10 .M concentration for 72
hours. Valproic acid (Sigma-Aldrich), or its solvent PBS, was used for 16 hours at 1, 10 or
50 mM concentration in cell culture medium.

BrdU staining

Plasmids

Cells were labeled with 10 g/ml bromodeoxyuridine (BrdU, Sigma) for 16-24 hours and
incorporation was evaluated by immunofluorescence after DNA denaturation. For BrdU
staining under non-denaturing conditions, cells were stained as in*.

lonizing radiation was induced by a high-voltage X-rays generator tube (Faxitron X-Ray
Corporation). Cultured cells were irradiated with the indicated dose; mice were irradiated
with 8 Gy (total body IR) at the age of 2 months using GammaCell 200 and cobalt0 as a
source.

pDEA-7Z—derived plasmids containing (TTAGGG),4 (PNB146 plasmid) or (TGAGTG)24
(pPNB158 plasmid) as in?3 were digested with EcoRI to generate linearized plasmids with
telomeric or scrambled repeats at the 3 end. Cherry-Lacl, YFP-Tet and RFP-I-Scel-GR
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expressing vectors were as in3’: 45, Lacl-TRF2 vector was generated by cloning the TRF2
coding sequence (amino acids 29-446) at the N-terminus of the Lacl vector. TRF2 and GFP
expressing lentiviruses were as in#. shKAP-1 and shGFP retroviruses were as in“®.

Immunofluorescence and immunoFISH

Antibodies

Cells were fixed and probed as in#3. ImmunoFISH with DAKO kit was performed in
accordance with the manufacturers’ instructions. Images were acquired using a wide field
Olympus Biosystems Microscope BX71 and the MetaMorph software. Confocal sections
were obtained with a Leica TCS SP2 AOBS confocal laser microscope by sequential
scanning or, in case of immunoFISH analysis, by acquisition of optical z-sections at
different levels along the optical axis. Colocalization between DDR and telomeres was
assessed by ImageJ software with colocalization ImageJ plug-in on confocal 3D stacks. Two
points are considered as colocalized if their respective intensities are higher than the
threshold of their channels, and if their ratio (of intensity) is higher than the ratio setting
value. Comparative immunofluorescence analyses were performed in parallel with identical
acquisition parameters. Telomere length was analyzed by quantification of telomeric signal
fluorescence intensities by ImageJ software. For immunofluorescence stainings, brain tissue
from four old baboons (325-353 months old) and two young baboons (58 and 88 months
old) and liver tissue from ten old baboons (309-356 months old) and twelve young baboons
(2-87 months old) were analyzed. For mouse tissues experiments, all /7 vivo manipulations
were approved by the Comité Institutionnel des Bonnes Pratiques Animales en Recherche
(CIBPAR) of CHU-Ste-Justine. For baboons tissues experiments, all procedures were
approved by the Institutional Animal Care and Use Committee (IACUC). The SBRF animal
program has been accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care, International (AAALAC) since 1973.

Anti-yH2AX (immunofluorescence: mouse, Millipore, 05-636, 1:200; ChlIP: rabbit, Abcam,
ab2893, 5ul/IP); anti-ATM pS1981 (mouse, Rockland, 200-301-400, 1:400; rabbit, Abcam,
ab2888, 1:300); anti-pS/TQ (Cell Signalling, 2851, 1:200); anti-53BP1 (mouse, a gift from
Thanos Halazonetis, University of Geneva, Geneva, Switzerland, 1:20; rabbit, Novus,
NB100-304, 1:200); anti-BrdU (denaturing conditions: Becton Dickinson, 347580, 1:20;
non-denaturing conditions: Abcam, ah6326, 1:200); anti-CENP-C (a gift from A.
Musacchio, IFOM-IEO-Campus, Milan, Italy, 1:1000); anti-CREST (Antibodies
Incorporated, 15-234, 1:100); anti-CHK2 pT68 (Cell Signalling, 2661, Lot 7, 1:100); anti-
p53 pSerl5 (Cell Signalling, 9284, 1:100); anti-TRF2 (ChIP: Santa Cruz, sc8528, 5ul/IP;
immunofluorescence and immunablot: Upstate, 05-521, 1:500); anti-Lacl (Abnova,
PAB10255, 1:400); anti-FLAG (Sigma, F3165, 5ul/IP); anti-KAP-1 (Abcam, ab10484,
1:1000), anti-AcH4 (a gift from S. Minucci, IEO, Milan, Italy, 1:1000), anti-H3 (Abcam,
abh10799, 1:1000).

Immunoblotting

ChiP

As in%3,

In vivo cross-linking, chromatin purification and immunoprecipitations were performed as
previously described’.
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lllumina Sequencing

As in*8, with minor modifications. After PCR amplification, fragments were column
purified. Cluster generation was performed and loaded into individual lanes of a flow cell (8
picomoles/sample).

ChlPseq data analysis

Read tags passing standard Illumina quality filter were aligned using BWA 0.5.9 using
default parameters#®. Two sets of analyses were performed: per-sample processing and
senescent vs quiescent enrichment. We named the samples as follows: ys: ChIP of yH2AX
for IrrSen cells; Is: Input for IrrSen cells; yq: ChIP of yH2AX for Quie cells; 1o: Input for
Quie cells. Per-sample analysis was performed in order to evaluate yH2AX enrichments at
telomeres by “pileup” analysis (see below) and collect data for effective statistics. Each
alignment was preprocessed using DSPCHIP 0.8.5b4 (http://code.google.com/p/dspchip)
with the following parameters: remove duplicates, quality filter = 15, expected window = 2
Mb, FIR = blackman, pipeline = N. IP vs Input enrichment was produced as intermediate
step to study the IrrSen vs Quie enrichment. Processed alignments were processed further
with DSPCHIP: ys - Is and yq — Ig values were calculated and negative values were
discarded. Resulting profiles were used to calculate IrrSen vs Quie enrichment, again by
subtraction; data were thresholded using Otsu’s method>C. Final profiles were plotted on all
chromosomes using a modified version of LODPLOT library®! available in R (http://r-
cran.org)®2. In order to generate the compilative “pileup” analysis of signals from all
chromosome ends (Fig. 3b), data from 46 processed chromosome ends were collected up to
20 Mbp from the chromosome end toward the centromere. We sampled preprocessed
alignments every100 bp in a 20 Mb window from the telomere. Enrichment for each
telomere has been calculated as (ys - Is) — (yq — lg). The mean of the compiled signals of
46 chromosomes was calculated along the 20 Mbp span, together with 95% bayesian
credibility intervals.

In order to assess the significance of the enrichment at the subtelomeric regions (0-5 Mbp),
we considered a distant region as control (15-20 Mbp) and performed a Mann-Whitney-U
test (U statistic: 720954291135.5, p-value: 0.0, N=2.3e6).

Quantitative Real-time PCR (qPCR)

gPCR were performed as in®3. In experiments in Figs. 3c-d and S4d, TagMan chemistry
PCR system (Applied Biosystems) was used. gPCR was carried out in duplicate and the
averaged results are plotted as the difference of the log2 ratio of senescent minus control
cells (diff log2 ratio). gqPCR amplicons in Figs. 3c-d and S4d were as in1°. In experiment in
Fig. S1b, TagMan chemistry PCR system (Applied Biosystems) was used and gPCR was
carried out in triplicate. Beta-2-microglobulin (B2M) was used as a control gene for
normalization. The following assays were used from Applied Biosystems: Hs00606991 m1
(KI-67), Hs99999907_m1 (B2M). In experiment in Fig. S7b, g°PCR was performed on a
Roche LightCycler 480 Sequence Detection System. gPCR was carried out in triplicate and
the averages were normalized against input. In experiment in Fig. S7c, gPCR was performed
on a Roche LightCycler 480 Sequence Detection System and was carried out in triplicate.
gPCR primers for Figs. S7b, c:

Proximal Forward: GGCCTCTTCGCTATTACGC
Proximal Reverse: CTCACTGGCCGTCGTTTTAC
Distal Forward: TAAAAGTGCTCATCATTGGAAAAC
Distal Reverse: TGGTGAAAGTAAAAGATGCTGAAG
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Microinjection

Microinjections were done using an AIS2 computer assisted micromanipulation system
(Luigs and Neumann, Germany), mounted on an inverted Zeiss microscope with a
motorized stage. Plasmid DNA was injected in cell nuclei at a concentration of 5 ng/pul,
together with 4 mg/ml of 1gG rabbit. Cells were serum-starved for 48 hours before injection.
After injection, cells were placed in normal medium containing 10% FBS and BrdU, 6 hours
or 24 hours later, for 24 hours. 200 cells were microinjected per type; independent
experiments were repeated at least three times.

Yeast strains

The strain RMY 169 (MATa-inc ade2-101 lys2-801 ura3-52 trpl-A 63 his3-A 200 ochre
leu2-A 1.:GAL-HO..LEUZ2 VII-L.:: TRP1-HOcs-L Y'S2) was provided by T. Weinert
(University of Arizona, Tucson, USA)34. The strain UCC5913 (MA Ta-inc ade2-101
lys2-801 ura3-52 trp1-A 63 his3-A 200 leu2-A 1::GAL-HO..LEUZ2 VII-L::ADE2-TG(1-3)-
HOcs-L YS2) was provided by D. E. Gottschling (Fred Hutchinson Cancer Research Center,
Seattle, USA)33. Cells were grown in YEP medium (1 % yeast extract, 2 % bactopeptone,
50 mg/liter adenine) supplemented with 2 % glucose (YEPD), 2 % raffinose (YEP+raf) or 2
% galactose (YEP+gal).

Analysis of DSB formation and repair in yeast

DSB formation and repair were analyzed in G1-phase arrested RMY 169, RMY169 /ig44,
UCC5913 and UCC5913 /ig4A strains by Southern blot analysis. The probe used to detect
DSB formation and repair corresponds to a 346bp fragment ~500bp centromere-distal to the
HO-cut site. As loading control, a 4.3kb fragment about 30kb distal from the left telomere of
chromosome VII was used. Quantitative analysis of DSB formation and repair was
performed by calculating the ratio of band intensities for the uncut fragment and the loading
control.

ChIP - gPCR in yeast

gPCR were performed as in®4. After exposure to formaldehyde, chromatin samples were
immunoprecipitated with anti-Myc antibodies. Quantification of immunoprecipitated DNA
was achieved by gPCR on a Biorad MiniOpticon using primer pairs located ~480-bp
centromere-proximal (PP1) or 550-bp centromere-distal (PP2) to the HO cutting site on
chromosome VII and at the AROZ locus of chromosome 1V (CON) and normalized to input
signal for each primer set; data are expressed as the fold enrichment of PP1 or PP2 over the
amount of CON in the immunoprecipitates.

Statistical analysis

Results are shown as means or percentages plus minus standard error of the mean (s.e.m.) or
standard deviation (s.d.) as indicated; p-value was calculated by Student’s two-tailed #test
or chi-squared test, respectively. In figure legends, n indicates the number of independent
experiments.

ChlPseq Accession number
ChlIPseq data are submitted to NCBI-SRA (accession number: SRA049677).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. IR induces persistent DDR activation and cellular senescence

a. IR generates persistent DDR. Top, images show DDR foci induction and resolution in
early passage quiescent (contact-inhibited) BJ human fibroblasts following exposure to 20
Gy IR. Persistent DDR, in the form of yH2AX and pS/TQ foci, is still detectable even 4
months after IR. Bottom, bar graphs show the fraction of yH2AX foci-positive cells (x
s.e.m.) (on the left) and the average number of yH2AX foci (x s.e.m.) per cell (on the right),
at the indicated time points. More than 100 discrete foci cannot be counted accurately due to
their proximity (1 hour time point). (For the quantification shown, around 100 cells per time
point were analysed; scale bar = 20 um) b. IrrSen cells are able to resolve additional IR-
induced (10 Gy) DNA damage to an extent similar to Quie cells, as shown by the
comparable kinetics of resolution of 53BP1 and yH2AX foci per cell over time after IR.
(For the quantification shown, around 100 cells per time point were analysed; scale bar = 50
pm) c. Model, two opposite outcomes are possible upon DNA damage generation.
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Figure 2. Persistent DDR is preferentially associated with telomeric DNA

a. A modd of inhibition of DNA repair at telomeres. Top, Telomeric repeats prevent DNA
end joining (DNA repair by NHEJ) at their distal end in order to prevent chromosomal
fusions. Bottom, in the same manner, stretches of telomeric repeats may prevent DNA end
joining (DNA repair by NHEJ) of DNA damage generated within repeats across the
telomere length. b—c. Persistent DDR foci colocalize with telomeres in IrrSen human diploid
fibroblasts (HDFs). Left, representative pictures of colocalizations between DDR, detected
as 53BP1 foci, and telomeres, detected using a telomeric PNA probe (Telo), or centromeres,
detected by antibodies raised against a centromeric protein (CENP-C), at the indicated time
points following IR in MRC5 (b.) (scale bar = 10 um) and in BJ (c.) (scale bar = 20 pvm)
cells. 30 days after IR, IrrSen HDFs show the highest degree of colocalizations between
53BP1 and the telomeric PNA probe. Arrows indicate telomeric signals colocalizing with
53BP1 foci. Right, graphs show the percentage of colocalizations (+ s.e.m.) between 53BP1
foci and telomeric (Telo) or centromeric (CENP-C) regions, and the average number of
53BP1 foci per cell (+ s.e.m.) at the indicated time points after IR. (For the quantifications
shown, around 50-200 cells per time point were analysed).
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Figure 3. Persistent DDR is physically associated with telomeric DNA

a. Chromosomal view of the enrichment of yH2AX in IrrSen vs Quie cells. Individual
chromosomes representation of the enrichment of yH2AX in IrrSen BJ hTERT cells. Grey
arrows indicate the highest peak of each chromosome arm within 5 Mbp from a
chromosome end. b. Enrichment of yH2AX in IrrSen vs Quie cells at chromosome ends.
Solid line represents the accumulation pattern of yH2AX over 20 Mbp from the
chromosomes end. The profile shows an enrichment peak at the most terminal region (0-5
Mbp). The enrichment is significantly different when compared to the accumulation in a
more internal region (15-20 Mbp), (Mann-Whitney-U p-value = 0, n=2.3e6). 95%
credibility intervals are shown as dashed lines; a.u. means arbitrary units. c. Increasing
amounts of antibodies against yH2AX immunoprecipitate increasing amounts of
subtelomeric DNA from IrrSen BJ cells compared to non-irradiated Quie cells, as assayed
on telomere 12p by ChIP and qPCR using a primer pair distant 95 Kb from chromosome
end. Triplicate gPCR reactions were carried out and the averaged results are plotted as the
log2 ratio between IP and input (n = 2). d. yH2AX and subtelomeric DNA are physically
associated in IrrSen BJ cells. Enrichment of yH2AX was assayed on telomere 12p by ChIP
and gPCR with previously independently-validated primer pairs!® at indicated increasing
distances from the chromosome end. Graph shows subtracted log?2 ratios between IP and
input of IrrSen minus Quie cells (diff log2 ratio). Triplicate qPCR reactions were carried out
and the averaged results are plotted (n = 2).

Nat Cell Biol. Author manuscript; available in PMC 2013 July 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fumagalli et al. Page 18

6 hours after irr 12 weeks after irr

—— Coloc Telo
—&— Coloc CREST

40 i @ n DDR foci/cell
30 10

20 |

n DDR foci/cell
©

% Colocalization with DDR

pa—
&

6 hours 12 weeks

Figure4. IR generates persistent DDR at telomeresin vivo

DDR, in the form of 53BP1 foci, telomeres, as detected by a telomeric PNA probe (Telo), or
centromeres, visualized with antibodies against centromeric proteins (CREST), were
analysed in hippocampal neurons of irradiated adult mice at the indicated time points post
IR. Top, representative pictures show activation of DDR immediately after IR, persistence
of individual foci and their colocalizations with telomeres at 12 weeks (last time point
analyzed) after IR. Bottom, graph shows the average number of 53BP1 foci per cell in DDR-
positive cells and the percentage of colocalizations (+ s.e.m.) between 53BP1 foci and
telomeric DNA (Telo) or centromeres (CREST). (For the quantification shown, around 400
cells per time point were analysed: n = 3: scale bar = 10 pm).
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Figure 5. TRF2 overexpression does not prevent senescence establishment and heter ochromatin
disruption does not prevent the persistence of DDR at telomeres

a. TRF2 expression is not altered in IrrSen cells. Immunoblot shows TRF2 protein levels in
IrrSen BJ hTERT, compared to non-irradiated cells (No irr). Vinculin was used as a loading
control. b. Immunoblot showing TRF2 expression in BJ hTERT cells infected with either
TRF2- or GFP-expressing lentiviruses. Vinculin was used as a loading control. c. TRF2
overexpression does not prevent senescence establishment. TRF2 and GFP overexpressing
BJ hTERT cells were irradiated (20 Gy) and analyzed 30 days later. Bar graphs show the
percentage of BrdU-positive cells (£ s.e.m.) (For the quantification shown, around 400 cells
per sample were analysed). d. Heterochromatin disruption by VPA treatment does not
significantly affect the number of persistent DDR foci and their colocalization with
telomeres. Immunoblot shows the increased levels of acetylated histone H4 (AcH4) in BJ
hTERT cells treated with the indicated concentration of VPA, compared to untreated
control. H3 was used as a loading control. e. VPA-treated cells were irradiated with 20 Gy
and analyzed 30 days later. Bar graphs show the number of 53BP1 foci per cell and (f.) the
percentage of 53BP1 foci colocalizing with a telomeric PNA probe (£ s.e.m.), in cells
treated with the indicated doses compared to untreated control. (For the quantification
shown, around 30-100 cells per sample were analyzed). g. KAP-1 knock down does not
significantly affect the number of persistent DDR foci and their colocalization with
telomeres. Immunoblot shows the expression of KAP-1 in shKAP-1 and shGFP BJ hTERT.
Tubulin was used as a loading control. h. Cells were irradiated with 20 Gy and analyzed 30
days later. Bar graphs show the number of 53BP1 foci per cell and (i.) the percentage of
53BP1 foci colocalizing with a telomeric PNA probe (£ s.e.m.). (For the quantification
shown, around 30-100 cells per sample were analyzed).
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Figure 6. Lack of repair of achromosomal DSB adjacent to telomeric DNA repeats and impaired
ligase 4 recruitment
a. Schematic of the HO (RMY169 and RMY169 /ig4A )3* or the TG-HO (UCC5913 and
UCC5913 /ig4A )33 system on yeast chromosome VI11. HOcs represents the cutting site for
the HO endonuclease, which is flanked by 81 bp TG sequence (represented by arrows) in the
TG-HO strain. b. HO-cut formation and repair in strains carrying the HO or the TG-HO
system at chromosome VI1I. G1-arrested cell cultures in YEP+raffinose (Raf) were
supplemented with galactose (Gal) to induce HO expression. After 1 hour of induction, cells
were washed and transferred to YEPD in the presence of a-factor to maintain the G1 arrest.
Genomic DNA prepared at different time points after galactose removal were subjected to
southern blot analysis with the probe indicated in (a). Top, the probe reveals an uncut
fragment in the absence of HO-cut or after the break had been repaired by NHEJ (Uncut),
whereas the HO-induced DSB results in the formation of an HO-cut DNA fragment (HO-
Cut). (Contr) represents the loading control. Bottom, quantification of a representative

experiment. Three independent experiments were performed with similar results. c. Ligase 4
is efficiently recruited to the DSB site only when it is not flanked by telomeric repeats. HO
expression was induced at time zero by galactose addition to G1-arrested cells carrying the
HO (top) or TG-HO (bottom) system. Lig4 recruitment was analyzed by ChIP and gPCR.
Data are expressed as relative fold enrichment (+ s.d.) of PP1 or PP2 over CON signal after
normalization to input signals for each primer set (n = 4).
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Figure 7. Ectopic TRF2 modulates DNA repair and DDR focus persistence, and exposed
telomeric DNA ends cause a prolonged checkpoint

a. Schematic of the integrated locus studied in NIH 2/4 cells3”. Upon transfection, Lacl or
Lacl-TRF2 binds to the lactose operator (LacO) repeats, YFP-Tet binds to the tetracycline
operator (TetO) repeats, and RFP-1-Scel-GR cuts the specific site between the two sets of
repeats. b. Quantification of cells positive for yH2AX at the I-Scel-locus (£ s.e.m.)
expressing Lacl or Lacl-TRF2, as detected by immunofluorescence confocal microscopy. I-
Scel ON corresponds to 3 hours after RFP-1-Scel-GR induction, I-Scel OFF corresponds to
24 additional hours after removal of inducing agent. I-Scel site was detected as a distinct
focus double-positive for YFP-Tet and anti-Lacl antibody signals (* p value < 0.05; for the
quantification shown, around 100 cells per sample were analyzed; n = 2). c. Quantification
of cells positive for a BrdU signal (+ s.e.m.) at the I-Scel-locus expressing Lacl or Lacl-
TRF2, as detected by BrdU immunostaining under non-denaturing conditions and confocal
microscopy. Values were normalized on the fraction of cells that had incorporated BrdU. (*
p value < 0.05; for the quantification shown, around 100 cells per sample were analyzed; n =
2). d. Linearized telomeric DNA triggers a prolonged cell cycle arrest. Bar graph shows the
ratio (+ s.e.m.) between the percentages of injected cells that underwent DNA synthesis
(assayed by BrdU incorporation) and the percentages of uninjected cells in the same
experiment, at 24 or 48 hours after microinjection (* p-value < 0.05; *** p-value < 0.001,
for the quantification shown, around 200-400 cells per time point, per DNA type were
analyzed; n = 3). e. Linearized telomeric DNA impedes cell proliferation. Bar graph shows
the percentages (z s.e.m.) of cells that underwent mitosis at 48 hours post-microinjection
(*** p-value < 0.001; for the quantification shown, around 200 cells per DNA type were
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analyzed; n = 3). Passage through mitosis was monitored by detection in the cytoplasm of
nucleus-injected IgG 48 hours after microinjection, as detected by immunofluorescence.
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Figure 8. Persistent DDR accumulates at telomer esindependently of their lengths, also in ageing
primates

a.—c. Association of persistent DDR at the telomeres is not triggered by telomere shortening.
Relative distribution of total telomeres lengths (upper histograms) and of 53BP1 focus-
positive telomeres lengths (lower histograms) according to telomeric probe signal intensity
(Telomere Fluorescence Arbitrary Units), in IrrSen HDFs (MRC5, a., and BJ, b.;
approximately 1000 telomeres per sample were analyzed) and (c.) in /n vivo mouse
hippocampal neurons 12 weeks after IR (telomeres of approximately 200 cells per sample
were analyzed; n = 3). DDR in hippocampal neurons (d.) and in liver hepatocytes (e.) of
ageing baboons is not preferentially associated with the shortest telomeres. Top,
representative images of telomeric PNA probe (Telo) and 53BP1 foci in hippocampal
neurons (scale bar = 20 um) and liver hepatocytes (scale bar = 50 wm) of aged baboons.
Relative distribution of total telomeres lengths (upper histograms) and of 53BP1-focus
positive telomeres lengths (lower histograms) according to telomeric probe signal intensity
(Telomere Fluorescence Arbitrary Units) in cells from aged baboons. Telomeres from 4
individual baboons were analyzed for hippocampus and from 6 individual baboons for liver.
f. Model: DNA damage generated by exogenous sources, such as IR, or in association with
ageing, triggers DDR activation throughout the genome. DNA breaks generated along the
telomeres are not repaired and fuel a persistent DDR that initiates and maintains cellular
senescence.
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