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Résumeé

Les télomeres sont des séquences d’ADN, généralement répétées en tandem, localisées a
I'extrémité des chromosomes linéaires. Une des fonctions principales des télomeres est de
différencier l'extrémité des chromosomes des cassures double-brin, et ainsi de prévenir
l'activation des voies de réparation de 'ADN. Chez les mammiféres, cette fonction est plus
spécifiquement assurée par le complexe shelterin. Il s’agit d'un complexe hétérogéne composé de
six protéines distinctes: TRF1, TRF2, POT1, RAP1, TPP1 et TIN2, qui interagit spécifiquement
avec 'ADN télomérique. Au sein de ce complexe, les protéines RAP1 et TRF2 cooperent afin
d’empécher I'extrémité des chromosomes d’étre percue comme un dommage de '’ADN, ce qui
autrement aboutirait a des fusions inter-chromosomiques suite au processus de réparation. La
protéine TRF2 se lie directement a la molécule d’ADN dans laquelle elle s’enroule de facon
spécifique. Cette propriété est primordiale pour générer une structure d’ADN en forme de boucle,
appelée t-loop, et dont le bon fonctionnement des télomeres dépend.Les travaux effectués au
cours de cette theése ont mis en évidence deux scenari indépendants dans lesquels la protéine
RAP1 assure un role critique dans la stabilité des télomeres. Premierement, RAP1 peut prévenir
les fusions inter-chromosomiques dans des cellules exprimant une forme altérée de TRF2
incapable de former des t-loops. Deuxiémement, I'inhibition de RAP1 dans des cellules en
sénescence réplicative conduit a ’activation des voies de réparation de ’ADN et a la formation de
fusions inter-chromosomiques. Ces observations font écho a des résultats précédents obtenus
dans des cellules HelLa traitées avec l'inhibiteur de la télomérase BIBR1532, et dont I'expression
de la protéine RAP1 était abolie par shRNA. De plus, jai montré que les fusions inter-
chromosomiques engendrées par la perte de RAP1 sont dépendantes de la ligase IV, qui est un
acteur principal de la voie de réparation de ’ADN par recombinaison non-homologue (NHEJ).

Dans I'ensemble, ces travaux démontrent I'importance de la protéine RAP1 dans la stabilité
des télomeéres lorsque la protéine TRF2 est non fonctionnelle, mais aussi dans des situations

physiologiques telles que la sénescence réplicative.

Mots-clés: Télomeres, RAP1, TRF2, fusions inter-chromosomiques, recombinaison non-

homologue (NHEJ), sénescence réplicative






Abstract

In mammals, the shelterin complex is the guardian of telomere stability. It operates through
a set of six proteins (TRF1, TRF2, POT1, RAP1, TPP1 and TIN2) that binds telomeric DNA and
protects it from being recognized as DNA double-strand breaks and therefore control DNA repair
and DNA damage response pathways.

Among them, RAP1 and TRF2 cooperate and together protect chromosome extremities
from end-to-end fusions. TRF2 is seen as a major factor to control telomere DNA topology by
wrapping DNA around itself in a right handed manner. This property of TRF2 is required to
promote the formation of t-loops, special DNA structures at telomeres that are considered as
protective barriers to DNA damage response and fusion.

Here we demonstrate two independent situations where RAP1 dysfunction is critical for
telomere protection. First, in cells expressing a wrapping-deficient TRF2 allele that cannot form
t-loops, RAP1 appears as a backup anti-fusion mechanism. Second, RAP1 downregulation in
replicative senescent cells leads to telomere fusions and DNA damage response activation. This is
consistent with similar observations in HeLa cells treated with the telomerase inhibitor
BIBR1532, and in which RAP1 expression was abolished by an inducible shRNA system. In
addition, we show that fusions triggered by RAP1 loss are dependent upon ligase IV, which is a
key player of the classical non-homologous end-joining (c-NHEJ) repair pathway.

Altogether, these results indicate that RAP1 takes over telomere protection when TRF2

cannot properly function or in the normal physiological situation, such as replicative senescence.

Key words: telomeres, RAP1, TRF2, chromosome fusions, NHEJ, replicative senescence.
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“Somewhere, something incredible is waiting to be known.”
Sharon Begley







Acknowledgements

First of all, I would like to thank the members of my Thesis committee, Dr. Corine
Bertolotto, Dr. Paula Martinez and Dr. Stéphane Marcand, for their courage to accept my
invitation and willingness to evaluate my thesis thoroughly. I greatly appreciate your efforts and
time spent on my work.

Then I would like to extend my gratitude to my PhD supervisor Pr. Eric Gilson. It was a rare
luck and privilege to hit the jackpot twice: being granted a Signalife PhD fellowship and being
accepted into your team after project rotations. Thank you very much for allowing me to work on
RAP1 and senescence and even more, thank you for believing in my work despite all the project
ups and downs we faced together throughout the PhD.

My very special thanks go to my co-supervisor Dr. Aaron Mendez-Bermudez. I thank you
enormously for being always by my side during this extreme but surely unforgettable PhD
journey. I always admire your optimism and hard work, and I owe you a lot in terms of
professional and personal skills I acquired while working with you. I must admit I always felt
very privileged and happy to work with you. Thank you for all the amazing discussions and team
work, and I'm looking forward to seeing our work published any time soon.

Many many thanks to my lab colleagues, past and present, for welcoming me in the team
and providing unbelievable care and support during my PhD. Specifically, I thank Rita for sharing
so many memorable moments together, for your helping hand with literally everything, for being
my elder sister even though I don’t have a real one. Sabrina, my dear “mommy” friend, thank
you for taking care of me in very difficult times and for your very big heart. Delphine, thanks a
lot for always supporting and encouraging me, especially during my last year. Marie-Jo, I thank
you for teaching me a hardcore biochemistry, such as EMSA and overhang assay. Nadir, thank
you for being very patient with my orders and thanks a lot for always willing to help. Julien, I
would like to thank you for being always a witty and positive person and I learned a lot from you
about cancer and immunology. Alex, thanks for reminding me to buy some groceries and for
your fantastic lemon cakes, which I will definitely miss in the future. Many thanks to our PhD
crew, Alice, Martin, Sol, Charlene, for many great and sometimes crazy moments in the lab and
not only. Alice, thanks for your interesting talks about corals, Martin, I learned from you a few

cool methods to work with neurons, Sol, you're my autophagy expert, Charlene, you are the one

xii



who knows all the challenges to work with senescent cells. I also thank Claire, Melanie, Serge
and many others for contributing to a good atmosphere in the team. I would like to mention also
the contribution of Mounir and Marta during my first year of PhD.

I would like to express my gratitude also to our “floor-mates”, teams Liti and Cristofari.
Thank you for being amazing neighbours and for sharing with me reagents when I needed the
most. Special thanks go to my “stay-late-in-the-lab” mates, Arpita and Ben, for their presence
during sometimes late working hours. Arpita, I will never forget our iconic trip to Berlin together
with Rita. Ben, I am very grateful for your kind help with a lot of issues I had, no matter whether
it’s personal or professional. Thank you also for providing me with an excellent French language
expertise.

Many thanks go also to Ludo from the cytometry platform and Sabine for taking care of my
radioactivity orders and being so supporting and cheerful person.

I would like to thank my high school teachers, Kavetska Tamara Borysivna and Vasyliuk
Tetiana Ivanivna for always believing in me and being my real motivation to study biology and
always stay curious. Thanks a lot to all my NaUKMA University teachers, for absolutely intense
and fruitful 6 years of studies. Many thanks to Doan Svitlana Ivanivna and Kondratov Oleksandr,
my Bachelor and Master thesis supervisors, who motivated me to pursue scientific career.

I absolutely thankful to all my friends who supported me during my PhD and not only.
Special thanks to Natalia and Maksym, as well as Daria. I will never forget our trips and the 10th
Nice-Cannes marathon in which we participated, they are among the best memories I had during
my PhD. Many thanks to Sergii and Tania, for their enthusiasm in cheering me up always when I
needed the most.

I am grateful to all the Signalife Labex community that became my second family. Among
many people I met thanks to this amazing PhD Program, I would like to acknowledge Dr.
Konstanze Beck and Anna Bliznyuk. I greatly appreciate your help with all the administrative
procedures and for making me integrate into new culture and country smoothly. Many thanks to
Lenka, Ramona and Nikita for many wonderful moments we shared and for your presence in the
most difficult times. I feel very blessed to have you as my friends. My very warm wishes and
special thanks go also to my Signalife buddy and flatmate Denisa. Words are not enough to

express my gratitude to you. Hope we will all cross our paths in the future.

xii



Oleksiy, among many things I am grateful to you, I would like to thank you especially for
always believing in me and being my motivation to apply for PhD grants. I wouldn’t be here
writing these acknowledgements without your love and support. I admire your scientific
approach in our daily life, and I am very grateful to all the wonderful moments we spent
together and looking forward to many more to come.

Last, but not least, I would like to thank my family. Specifically my mom and dad, I
absolutely adore you for being so loving and caring parents, for so much support I got from you
during all my life and especially during my PhD.

JlaKyio yciMm, XTO MiATPUMyBaB MeHe MPOTATOM MO€i poOOTH HaJ AUCEpTAlli€ro, i 0coOIMBa

mo/iIKa Moil ciM’i, 6aTbKam, 3a JIF000B i MATPUMKY.

xii



xii



Table of contents

RESUIME ...t X
ADSETACE «enenenete ittt e xi
ACKNOWIEAZEMENLS ....vvititiiiiee et et e e e e e e e xii
Table Of CONEENLS ...cuniniein e 1
List Of @abbreviations. .......c.vuueuiiiiniii e 3
INErOAUCHION. ¢ .t tee ettt aees 5
Chapter 1. Telomere fusion: control, mechanisms and consequences............... 7
1. Telomere basic: structure and replication ............c.coeeveveienininienanenen. 7
2. Factors that maintain and protect telomeres ............cevvveiiininenenn... 10
3. Chromosome fusion and DNA repair .........cc.euviuiiiiininienenieeiaeenans 13

3.1. The “good” and the “bad” of fused chromosomes: lessons from
[ 0) L Lo s R PTUPPPRN 13

3.2. The DNA double-strand break repair mechanisms promoting

Chromosome fuSiONS. ... .....oeuieiiiiiiiii e 16

3.2.1. Homologous recombination repair..........c.cceueeeeeenenenenennen.. 17

3.2.2. Non-homologous end-joining repair...............ceeeueenennnnnnnn. 20

3.2.3. Alternative non-homologous end-joining pathway................ 23

3.3. DNA damage response at the sites of a double-strand break......... 26

3.4. Anti-fusion mechanisms at telomeres...........c.coeeeviuiiiiiiiininane. 29

3.4.1. Telomere factors controlling fusions............ccccceevvvvininennn... 29

3.4.2. How cell cycle controls telomere fusion.............c.ccceeveuennn.n. 31

Chapter 2. ReSEATCh PrOJECE. . ..uu ittt e e e 36

1. Objectives of the StudY........cuvuiiiniiiiiiii e, 36

2. ATHCLE Teeniiiee e 37

SUATHCIE 2.t e 85
Chapter 3. General discussion and future perspectives.............ceeveueuienenenenen. 106
21 10) 1oy ea =1 o) 1 | 2P PP 114

Appendix I ATtICLE 3. ... 129






List of abbreviations

ALT
a-NHEJ
ATM
ATR
BFB cycle
BLM
BRCA 1/2
c-NHEJ
DDR
dHJ
DNA-PK
DNA-PK cs
DSB
dsDNA
EXO1
HHR
IncRNA
MHEJ
NHEJ
POT1
PARP1
RAP1
RPA
ssDNA
SSA
TIN2
TRF1/2
TERC

TERT

alternative lengthening of telomeres
alternative non-homologous end-joining
ataxia-telangiectasia mutated

ATM- and Rad3-Related
breakage-fusion-bridge cycle

Bloom helicase

Breast-Cancer 1/2

classical/canonical non-homologous end-joining
DNA damage response

double Holiday junction
DNA-dependent protein kinase
DNA-dependent protein kinase, catalytic subunit
double-strand break

double-strand DNA

Exonuclease 1

homologous reombination repair

Long non-coding RNA
microhomologous end-joining
non-homologous end-joining

Protection of telomeres 1

Poly (ADP-ribose) polymerase
Repressor Activator Proteinl
Replication protein A

single-strand DNA

single-strand annealing
TERF1-interacting nuclear factor 2
Telomeric repeat binding factor 1/2
telomerase RNA component

telomerase reverse transcriptase






Introduction

Over the course of evolution, mammalian telomeres developed the shelterin complex, a
very elegant way to protect chromosome extremities from various DNA damaging insults.
This complex is comprised of six proteins that can employ and control different interactors
with one final goal: keep the telomeres functional.

One of highly dangerous events in the life of telomeres is chromosome fusion.
Chromosome fusions usually occur when two chromosomes fuse end-to-end forming dicentric
or ring chromosomes. Fusion can be executed by several different DNA repair pathways with
or without telomere loss as an outcome. Non-homologous end-joining repair (NHEJ) and
homologous recombination repair (HRR) are two common DNA repair pathways that
promote telomere fusions.

In human, there are two key telomeric proteins that inhibit chromosome fusions: TRF2
and RAP1. TRF2 recruits RAP1 to telomeres and thus is considered as the master regulator of
telomere protection, whereas the role of RAP1 at mammalian telomeres has been debatable
for a long time.

Therefore, this Thesis manuscript sheds light on human RAP1 and its role in telomere
protection.

In Chapter 1, the literature overview is a resume of the most recent and relevant
findings in the field of DNA repair and DNA damage in connection to telomere fusion.

Chapter 2 represents the actual results of the thesis project. It is grouped into two
articles. Article 1 is the published manuscript, which focuses mainly on how TRF2 protects
telomeres in the context of DNA topology. We demonstrate that TRF2 can wrap DNA around
its homodimerization domain (TRFH). The TRFH-dysfunctional mutant of TRF2 (called Top-
less) is not able to wrap telomeric DNA, has decreased ability to promote t-loop formation
and does not protect against DNA damage response (DDR), whereas it was able to rescue
chromosome fusions. As part of the PhD project, we show that Top-less was not able to
protect chromosomes from NHEJ upon RAP1 dysfunction. The latter result was an inspiration
for Article 2, where we focus solely on the RAP1 role in telomere protection in the context of
replicative senescence. Specifically, we found that in senescent cells RAP1 becomes essential
to protect telomeres from DDR checkpoint and NHEJ repair. In Article 2 (the manuscript in

preparation for publication) the main findings of my PhD work are described.



Chapter 3 is the final chapter of this dissertation. It discusses the main findings and
suggests future work that would be important to better understand the mechanism of RAP1-
dependent telomere protection in senescent cells.

During my PhD training, I have contributed to another research project on the role of
TRF2 in pericentromere function. The results were recently published. Since this is not my
main research project, the results are not discussed in this manuscript, but the article is

attached in Appendix I. Article 3.



Chapter 1

Telomere fusion: control, mechanisms and
consequences

1. Telomere basic: structure and replication

Our understanding of telomere functions somehow started 80 years ago by the work of
Herman Muller and Barbara McClintock. Muller was studying chromosome damage
in Drosophila melanogaster upon ionizing radiation. He was the first to introduce the name
“telomere”, which originates from the Greek words telos (end) and meros (part), and he
used this term to describe the end parts of chromosomes [Muller HJ., 1938]. Simultaneously,
McClintock highlighted the importance of telomeres during her studies of plant
chromosomes in corn cells. She noted that the loss of natural chromosome ends (telomeres)
destabilizes cellular genomes, causing chromosomes to become “sticky” and undergo
adhesion and fusion at their ends, with consequent formation of dicentric chromosomes. She
also demonstrated that the ends could be restored if chromosomes acquired a new telomere
[McClintock B., 1939; McClintock B., 1941].

When the Watson-Crick double helical structure of DNA was resolved in 1953, it
immediately suggested a mechanism of its replication — each strand in the duplex acts as a
template to guide the synthesis of its complement. However, understanding the mechanism of
the semi-conservative DNA replication [Meselson M. and Stahl FW,, 1958] identified the
“end replication problem”, consisting of the inability of cells to completely replicate the linear
ends of DNA [Gilson E. and Ségal-Bendirdjian, E., 2010]. The first formulation of the end
replication problem was focused on the lagging strand synthesis process where the gap
generated by removal of the RNA primer at the 5-end cannot be filled at the end of the
chromosomal DNA, resulting in shortening of the newly synthesized strands with each round
of DNA replication. This lagging strand problem was revisited later on by Cech and
colleagues on the basis of the structure of the parental telomere extremity that corresponds to
a 3-overhang: the lagging chromatid is expected to somehow reproduce the 3’ overhang
while the leading chromatid ends as a blunt DNA if the DNA polymerase

synthesizes until the last nucleotide and by a 5’-overhang if the polymerase stop before, but



in any case the genetic information of the 3’ overhang of the parental DNA is lost. Thus, it
was postulated that the end replication is more a leading strand than a lagging
strand problem [Lingner J. et al., 1995]. Watson also predicted the existence of a protective
mechanism to prevent the chromosomal shortening [Watson JD. et al., 1972]. For Olovnikov,
the terminal replication problem was the cause of a progressive telomere shortening, which
also acted as an internal clock to determine the number of divisions that a cell can undergo
during its lifespan. Therefore, telomere shortening could not only control the process of
ageing but also acts as a molecular clock that counts the number of cycles that the cell can
support [Olovnikov AM., 1973]. This is also consistent with the “Hayflick limit”, an
observation made in the early sixties showing that cultured primary fibroblasts have a limited
number of divisions [Hayflick L, 1965].

Structure and length of telomeres vary greatly among different species. The basic units
of telomeres are tandem repeats, for instance, T2AG3 in mammals. Telomeric DNA is double-
stranded with a short 3’-tail (150-300 kb) in the very end of the chromosome. However,
plants can have blunt-ended telomeres [Kazda A. et al., 2012]. In species with relatively
long telomeres the 3’-overhang can fold backwards and invade the double-stranded
telomere DNA forming t-loops (Figure 1). Interestingly, t-loops have been discovered among
different species. For example, Trypanosoma form very tiny t-loops, less than 1 kb in length,
whereas field pea harbours extremely large t-loops, up to 50 kb in size [de Lange T., 2004].
T-loops are considered as structural barriers that protect telomeric DNA from being
recognized by DDR machinery [Van Ly D. et al., 2018].

Both G-rich and C-rich telomeric strands may form additional complex DNA structures.
For example, the G-rich strand can adopt a four-stranded G-quadruplex structure involving
planar G-tetrads of guanine, while the C-rich strand can form the so-called i-motif with
intercalated C-C+ base pairs (Figure 1). Different G-quadruplex structures exist, and they
may be important to protect 3’-tails [Phan AT. et al., 2002].

Chromosomal DNA extremities can be recognized as accidental double strand breaks
(DSBs) and treated as such by the cell leading to cell cycle arrest (DDR checkpoint) and
recombination (DDR repair) [Shay JW., 2004]. Therefore, the natural ends of chromosome
must be protected both from DDR checkpoint and repair.

Altogether, telomeres have to deal with two major problems: end replication and end
protection. It turns out, they can do so with a help from different proteins that are

described in the next section.



Figure 1. Different telomere structures. A. G-quadruplex. B. t-loop. C. i-motif. Illustration

from [Giraud-Panis MJ. et al., 2013].



2. Factors that maintain and protect telomeres

To overcome the end protection problem, cells developed a few strategies to keep the
equilibrium of the telomere length, such as telomerase and alternative lengthening. At the
same time, end protection problem can be effectively solved by means of the capping
proteins.

Telomerase was discovered in Tetrahymena thermophila by Greider
and Blackburn[Greider CW. and Blackburn EH., 1985]. This protein is composed of two
essential components: TERT (telomerase reverse transcriptase) and TERC (telomerase RNA
component). TERC binds to the 3’-tail and serves as a template for TERT, which elongates
telomeres (Figure 2) [Schmidt JC. and Cech TR., 2015].

Figure 2. Structure of the telomerase holoenzyme. This structure includes a reverse
transcriptase (TERT) and associated proteins, an RNA template (TERC), and a short piece of the
telomere DNA [Illustration from Protein Data Bank, http://pdb101.rcsb.org/motm/227].
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Interestingly, in human and several other vertebrate species, but not all, TERT
expression and telomerase activity are severely shut down in somatic tissues at the end of
embryogenesis with the exception of progenitor or stem cells but to a level insufficient to
fully replenish telomeric DNA ends at each round of cell division [Cong YS. et al., 2002].

An alternative way to counteract telomere attrition is based on homologous
recombination and is called alternative lengthening of telomeres (ALT) pathway. Whereas
approximately 85-90% of tumours utilize telomerase to elongate their telomeres [Kim NW.
et al., 1994], some cancers (notably tumours of mesenchymal origin) use the ALT pathway
that relies on homologous recombination[Apte MS. and Cooper JB, 2017].

Several telomere capping proteins, protecting telomeres from unwanted DDR
activation, exist among different organisms. The prototypes of telomere capping protein
complexes were identified in budding yeast, consisting mainly in two complexes: shelterin
and CST (Cdc13-Stnl-Tenl). Shelterin is restricted to the RAP1 protein, which specifically
binds telomeric DNA repeats to protect telomere DNA from fusion, while CST plays a key role
against telomeric DNA degradation, checkpoint activation and telomere replication [Giraud-
Panis MJ. et al., 2010].

The equivalents of the shelterin and CST complexes are found in many (if not all)
eukaryotic organisms but with a great diversity of protein composition (Figure 3) [Giraud-
Panis MJ. et al., 2013]. In mammals, shelterin is comprised of six proteins: TRF1 and TRF2
that through a Myb-like domain named Telobox bind to double-stranded DNA (dsDNA),
TPP1 binding to POT1, which binds to the 3’-overhangs, TIN2 making a protein bridge
between TRF1/TRF2 and TPP1 and finally RAP1 that, in contrast to budding yeast, binds
indirectly to telomeric DNA via a direct interaction with TRF2 (Figure 3) [de Lange T., 2005;

Giraud-Panis MJ. et al., 2013].
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Figure 3. Telomere-associated proteins among different species. Modified from [Giraud-

Panis MJ. et al., 2013].
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3. Chromosome fusions and DNA repair

3.1. The “good” and the “bad” of fused chromosomes: lessons from evolution

Over the years, eukaryotic chromosomes acquired certain differences in their shape,
size, composition, and number. These features made species distinguishable among each
other, therefore, they appear to be important targets of evolution.

Simply, two ways of chromosome number evolution exist: fusion and fission, which lead to
two different consequences for the genome: either reduction or amplification in the number
of the existing genetic material [Schubert I., 2007].

In terms of evolution, there is a large body of evidence that end-to-end fusions lead to
reduction in the total number of chromosomes. For example, fusion of two ancestral primate
chromosomes created human chromosome 2 [Iljdo W. et al., 1991]. Fusions were also a
common cause of reduced chromosome number among ant species
Mycetophylax conformis and Mycetophylax morschi [Cardoso DC. et al., 2014], and plant
Arabidopsis thaliana [Lysak MA. et al., 2006]. Evolution of the budding yeast genome is
characterized by the whole-genome duplication (from n=8 to n=16 chromosomes).
However, it has been observed that in some other yeast species, such as
Zygosaccharomyces, Kluyveromyces, Lachancea, and Ashbya, the number of chromosomes
varies from 6 to 8. The most common event in reducing chromosome number among those
yeast is telomere end-to-end fusions [Gordon JL. et al., 2011]. Recently, two independent
groups created Saccharomyces cerevisiae strains with dramatically reduced number of
chromosomes [reviewed in Liti G., 2018]. Luo et al. engineered yeast with n=2
chromosomes, and Shao and colleagues fused all the chromosomes into a single chromosome
in a functional yeast [Shao Y. et al., 2018; Luo J., 2018]. Both studies concluded that reduced
chromosome number causes no major growth defects when cells are grown under various
conditions and stresses. The groups showed that the n = 1 and n = 2 strains can undergo
sexual reproduction, albeit with reduced efficiency compared with wild-type yeast, and
produce spores that are slightly less viable. Therefore, these engineered yeast strains
constitute powerful resources for studying fundamental concepts in chromosome biology [Liti
G., 2018].

Probably the most impressive example of natural chromosome reduction is the Indian

muntjac (Muntiacus muntjak), whose females only have 6 chromosomes, and its males only 7
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[Wurster DH. and Benirschke K., 1970]. By means of comparative mapping and sequencing
approach, Tsipouri and colleagues characterized the sites of ancestral chromosomal fusions
in the Indian muntjac genome [Tsipouri V. et al., 2008]. Specifically, they screened an Indian
muntjac bacterial artificial chromosome library with a telomere repeat-specific probe. They
found that all seven Indian muntjac sequences, that were analyzed, contained centromeric
satellite I repeat sequences immediately adjacent to the telomeric-repeat block [Tsipouri V. et
al., 2008]. Furthermore, high frequency of tandem fusions, which arise from telomere and
centromere repetitive elements, has been proposed as the main mechanism of stasipatric
(rapid) speciation that is common among muntjacs [Wang W. and Lan H., 2000].

Presence of telomere and centromere or pericentromere repeats and their duplication
at the fusion site is a proof of DNA damage repair by non-homologous end-joining. This type
of repair is usually error-prone and can give rise to certain types of genetic instability through
initiation of ‘breakage-fusion-bridge’ (BFB) cycles, first discovered by McClintock in Zea mays
[McClintock B.,1939; McClintock, 1941]. Such cycles start with the loss of telomeres at the
ends of the chromosomes (Figure 4). Then DNA is replicated, and sister chromatids with
fused ends are formed. During anaphase, centromeres of those sister chromatids are pulled in
the opposite directions forming bridges as the ends are fused. While pulling centromeres
apart from each other, a break of the bridge occurs at any point in a way that a daughter cell
receives an uneven chromosome without telomeres. Telomeres can be restored by telomerase,
but if the chromosome still lacks telomeres at the ends, the BFB cycle will continue during the

next cell division.

Cycle 1
anaphase
replication bridge breakage
—> ' —>» — —_
A
breakage §

v

Figure 4. Breakage-fusion-bridge cycles.
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BFB cycles cause duplications, deletions, inversions as secondary rearrangements in the
chromosomes. Genetic instability that occurs becomes a driving force of evolution. As
described above, it can lead to appearance of new species (which can be considered as
"good"). On the other hand, it can be a cause of establishing and promoting different
malignancies (which for a normal cell and the whole organism is usually considered as "bad")
[Selvarajah S. et al., 2006; Kwei KA. et al.,, 2010; Martinez P and Blasco MA.,
2017; Maciejowski J. and de Lange T., 2017]. Therefore, detailed studies of the mechanisms
that lay behind genetic instability are needed to better understand how the switch between
“good” and “bad” occurs.

The next part of this manuscript is focused on DNA repair mechanisms that are in

connection to telomere fusion.
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3.2. The DNA double-strand break repair mechanisms promoting chromosome

fusions

In normally functioning cells, chromosome fusion must be prevented in order to
maintain genome stability. In this regard, cells developed several mechanisms that inhibit
fusion at natural chromosome ends. This is one of the main function accomplished by
telomeres. Among the telomere strategies to prevent fusion, one can cite peculiar DNA
structures (t-loops, 3’-overhangs), shelterin and other associated telomere factors.

In the absence of a proper anti-fusion activity, chromosome extremities can fuse by
different recombinational repair mechanisms: homologous recombination repair as well as
classical and alternative non-homologous end-joining (Figure 5).

In the next section of this manuscript, the mentioned pathways will be presented in

detail with a focus on their relationship to chromosome fusions.

c-NHEJ HRR a-NHEJ
Exo1 -DnaZ{
avYa — N —<_/ e
l Ligase IV l ' — Pol 6—> *Q
—tg—p Y ___ Ligaselll/l
> T w__ !

Figure 5. Multiple pathways to repair a DNA double-strand break.
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3.2.1. Homologous recombination repair. Homologous recombination repair (HRR) or
homology-directed repair (HDR) is a high-fidelity pathway of DSB repair. Although many
different proteins and some of the non-coding RNAs are implicated in HRR, and several
different mechanisms exist, the basic principles are conserved among prokaryotes and
eukaryotes. This type of repair relies on homologous recombination, where a homologous
DNA template is used to repair and restore the sequence around the break. DSB repair by
HRR in mitotic cells favours the use of the sister chromosome over the homologous
chromosome as a template donor [Kadyk LC. and Hartwell LH., 1992]. Notably, repair of
DSBs by means of HRR can lead to two different consequences: crossover and non-crossover.
For example, crossover occurs during meiosis and can be also used to generate genetic
diversity [Baudat E and de Massy B., 2007; Heyer WD. et al., 2010]. However, the primary
mechanism of HRR, gene conversion, does not result in the crossover, which makes it a
faithful DNA repair process. Also, synthesis-dependent strand annealing pathway (SDSA)
does not result in crossovers and is important to preserve genomic integrity [Verma P and
Greenberg RA., 2016]. When DSBs cannot be processed by the conventional mechanism of
HRR, cells decide between SDSA, double-strand break repair (DSBR), break-induced
replication (BIR), or single-strand annealing (SSA) (Figure 6) [Chapman JR. et al., 2012;
Verma P and Greenberg RA., 2016; Wright WD. et al., 2018].

Regardless of which choice has been made, initial steps of HRR share the same
principles. First, after a DSB occurs, broken DNA ends undergo nucleolytic end resection to
generate 3'-ssDNA overhangs. Generation of 3'-overhangs can be characterised by a two-step
mechanism. First, in higher eukaryotes, an immediate recruitment of Mrell-Rad50-Nbsl
(MRN) along with CtIP complex occurs at the sites of DSB [Lamarche BJ. et al., 2010;
Langerak P et al., 2011]. MRN-CtIP removes small oligonucleotides to generate a short
protruding end [Muraki K. and Murnane P, 2018]. Next, several other enzymes are recruited
to produce long single-stranded overhangs by resection, for instance, Exonuclease 1 (EXO1),
DNA replication helicase/nuclease 2 (DNA2) [Mimitou EP and Symington LS., 2009; Jasin
M. and Rothstein R., 2013]. Furthermore, Bloom helicase (BLM) can be important for long-
range resection of DNA ends [Nimonkar AV et al., 2011], as well as Werner helicase (WRN).
The latter can substitute BLM in DNA2-mediated resection [Sturzenegger A. et al., 2014].
Therefore, BLM and WRN act epistatically and ensure the single-strand 3'-overhang

formation on both strands of the break.
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Figure 6. Different pathways of homologous recombination repair in human. Modified

from [Heyer WD. et al., 2010].

Moreover, breast cancer suppressor BRCA1 can also take part in the initial steps of HRR,
since it has been shown to interact with MRN [Zhong Q. et al., 1999] and CtIP [Yu X. et al.,
1998] and promote HRR [Moynahan ME. et al. 1999; Stark JM. et al. 2004], as
does CtIP [Sartori AA. et al. 2007; Bennardo N. et al. 2008]. Interestingly, BRCA1 may
control the CtIP-dependent recruitment of DNA2 to DNA damage sites for subsequent DSB
resection [Hoa NN. et al., 2015]. It has been demonstrated that BRCA1-A complex comprised
of ubiquitin interacting motif (UIM) containing protein RAP80, adapter protein Abraxas,
MERIT40 (mediator of RAP80 interactions and targeting 40 kDa, also known as NBA1),
BRCC45, and deubiquitinylating enzyme BRCC36 guides BRCA1 to the sites of DSB through
interaction with UIMs of RAP80 [reviewed in Greenberg RA., 2008; Daley JM. et al., 2014;
Her J. et al., 2016]. Also, a proper recruitment of BRCA1 to the DSB sites is controlled by
IncRNA DDSR1 [Sharma V. et al., 2015].
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After 3'-overhangs are generated, they are immediately covered by ssDNA-binding
replication protein A (RPA). This binding prevents the formation of unwanted secondary
structures on ssDNA [Chen H. et al., 2013]. The next step is to load Rad51 on 3'-overhangs.
In humans, several proteins can be important to replace RPA with Rad51. Among them,
Rad52 appears to be essential to physically replace RPA with Rad51 and promote, therefore,
formation of the nucleoprotein filament [Sugiyama T. and Kowalczykowski SC., 2002; Plate
I. et al., 2008]. Notably, it has been also shown that BRCA2 interacts directly with Rad51 and
recruits it to the RPA-coated ssDNA at the DSB site [Her J. et al., 2016]. Therefore, several
mechanisms exist for the proper functioning of initial steps of HRR.

When the filament is formed, Rad51 initiates the search for a homologous template
followed by the donor DNA strand invasion, formation of a D-loop and subsequent DNA
synthesis mediated mainly by DNA polymerase § in eukaryotes [Maloisel L. et al., 2008;
McVey M. et al., 2016]. Strand invasion and formation of the D-loop is mediated by Rad54 (a
protein that belongs to the SNF2/SW12 family in humans), which removes Rad51 from the
filament [Kanaar R. et al., 1996; Li X. and Heyer WD., 2009; Mazin AV. et al., 2010].

To complete HRR, three different scenarios are possible (Figure 6). First, if the second
DNA end is present, mitotic cells mainly follow the SDSA pathway [Andersen SL.
and Sekelsky J., 2016]. Therefore, either of 3'-overhangs or even both of them can invade
the donor template. The invading strand is further displaced during the D-loop migration and
the newly formed DNA strand anneals back to the ssDNA overhang of the second end,
resulting in a non-crossover product [Heyer WD. et al., 2010]. However, a second possibility
is the creation of a double Holiday junction (dHJ), which can result either in the crossover or
non-crossover outcome depending on the proteins involved in the processing. For example,
BLM together with topoisomerase 3 alpha (Top3A) process dHJs in a way that crossover
does not occur [Wu L. and Hickson ID., 2003].

BIR takes place when there is only one accessible DNA end. The available 3'-overhang
invades the homologous DNA and then extends to the end of the chromosome. In higher
eukaryotes, BIR is an important mechanism to repair and restart broken replication forks, as
well as it can contribute to the alternative lengthening of telomeres [reviewed in Verma P and

Greenberg RA., 2016].
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SSA is another type of DSB repair, which can be considered as an alternative pathway of
HDR [Verma P and Greenberg RA., 2016]. SSA is initiated when DSB occurs between
homologous direct repeats. These repeats first are resected bidirectionally, then nucleases
cleave off unpaired 3'-overhangs. The final step is annealing and ligation of the DSB.
Remarkably, SSA does not require Rad51 filament, therefore, is Rad51-independent. Because
the nuclease cleavage can result in deletion of repeats, SSA is a mutagenic process [Verma P
and Greenberg RA., 2016; Bhargava R. et al., 2016].

In summary, homologous recombination repair is represented by several pathways. All
these pathways are conserved among different organisms, and some of them are redundant.
However, given how complex is the interaction among different proteins within one pathway,
new approaches emerge in order to better dissect the mechanism of HRR. One of these
approaches relies on super-resolution microscopy methods to study the process at single-
molecule resolution [Kaniecki K. et al., 2018].

If HRR is not properly executed, this can lead to rapid telomere resection and loss
followed by appearance of telomere-free ends and massive telomere-free chromosome
fusions. Since HDR relies on the presence of homologous DNA template, it favours formation
of sister chromatid fusions and can promote unequal sister chromatid exchange that will

create fragile chromosomes [Rudd MK. et al., 2007].

3.2.2. Non-homologous end-joining repair. Non-homologous end-joining is a second type
of repair that cells employ on a regular basis. Described as a “willy-nilly” end-joining
[Deriano L. and Roth DB., 2013], it relies on joining damaged DNA strands together. It can
be either very robust and precise if the ends do no miss nucleotides or do not require further
processing; otherwise, it can lead to certain genetic instability or diversity [Lieber MR., 2010;
Chang HHY. et al., 2017]. For example, V(D)J recombination in immune cells absolutely
requires NHEJ and is considered as a normal physiological process [Malu S. et al., 2012],
whereas incongruous NHEJ may promote cancer formation [Sishc BL. and Davis AJ.,
2017]. The latter is due to formation of dicentric chromosomes that initiate BFB cycles or
chromotrypsis [Maciejowski J. and de Lange T., 2017]. If NHEJ acts between two telomeres, it
fuses chromosomes as an immediate outcome [Marcand S., 2014]. Therefore, NHEJ is the
prime mechanism to create both intra- and inter-chromosome fusions.

Nowadays many different proteins involved in classical or canonical NHEJ have been

characterized (which is often referred to as c-NHEJ), however, the basic principles on how
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this pathway is executed are the same among various species. In general, the c-NHEJ can be
divided into three very general steps: DSB recognition, processing, and ligation (Figure 7)

[Lieber MR., 2010; Yang K. et al., 2016].
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Figure 7. Non-homologous end-joining repair in human.
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There are two essential components to make NHEJ work: DNA-PK and the ligase IV
complex [Waters CA. et al., 2016]. However, presence of those two complexes can be enough
only if the DSB forms blunt ends and do not require further processing. If the DSB is followed
by incompatible DNA ends, direct ligation cannot be performed, and therefore several end-
processing and annealing proteins are on call before the ligation can occur [Chang HH. et al.
2016; Chang HHY. et al., 2017].

DSB recognition. The first protein, which is recruited within seconds to the sites of
DSB, is Ku. In human, Ku is very abundant (500 000 molecules per cell) and demonstrates
the strong affinity for DNA binding [Fell VL. and Shild-Poulter C., 2015]. Nevertheless, both
in vitro and in vivo studies show that just two molecules of Ku are enough to cover the sites in
the vicinity of the damaged DNA, presumably, each one covering the broken ends [Roberts
SA. and Ramsden DA., 2007; Britton S. et al., 2013]. In eukaryotes, Ku is present as a
heterodimer, which is called Ku70/80. After being recruited to the sites of damage, Ku70/80
promotes sequestration of several other NHEJ factors for the appropriate repair (nucleases,
polymerases, ligases), thus, Ku acts as a hub or scaffold protein [Fell VL. and Shild-Poulter
C., 2015]. In yeast, there are Yku70/80 orthologs for mammalian Ku proteins.
Strikingly, Yku is not an essential protein in yeast, whereas loss of human Ku86 leads to
massive telomere loss and cell death [Wang Y. et al., 2009].

Ku forms the DNA-PK complex together with the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) [Spagnolo L. et al., 2006]. DNA-PKcs has been discovered only
in higher eukaryotes so far. Recently, the cryo-EM structure of human DNA-PK has been
solved. Two research groups independently demonstrated that DNA-PKcs and Ku70/80
together form a DNA-binding bridge or tunnel. DNA-PKcs is relatively proximal, and
Ku70/80 is distal, to the free DNA end. DNA-PKcs and Ku70/80 both wrap around one and a
half turn of the DNA duplex with the blocked DNA end flanking outside of the complex [Yin
X. et al., 2017; Sharif H. et al., 2017]. Notably, DNA-PKcs alone barely binds to DNA but
strongly binds to DNA in the presence of Ku70/80 [Yin X. et al., 2017]. DNA-PKcs can
be autophosphorylated or trans-phosphorylated by ATM. These two states of
phosphorylation regulate the switch between recruitment of Artemis or ligase reaction
[Uematsu N. et al., 2007; Jiang W. et al., 2015].

DSB processing. Components of the DNA-PK complex can recruit to the sites of DSB
DNA end-processing factors such as Artemis [Riballo E. et al., 2004], Werner [Chen L. et al.,
2003; Shamanna RA. et al., 2016], polynucleotide kinase-phosphatase (PNKP) [Shimada M.
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et al., 2015], APTX-polynucleotide kinase-phosphatase-like factor 1 (APLF) [Macrae CJ. et
al., 2008; Grundy GJ. et al., 2013], DNA polymerases Pol A and Pol n [Capp JP et al.,
2006; Chayot R. et al., 2012], terminal deoxynucleotidyl transferase (TdT) [Boubakour-
Azzouz I. et al., 2012]. Depending on how complex is the DSB, the mentioned factors can be
required for the accurate DNA end cleavage and annealing in order to facilitate further
ligation [Yang K. et al., 2016]. Interestingly, mammalian DNA-PKcs and the rest of the
mentioned processing factors (except DNA polymerases) do not have orthologs in budding
yeast S.cerevisiae [Dudasova, Z. et al., 2004]. Instead, MRX complex becomes of outstanding
importance to execute NHEJ [Emerson CH. and Bertuch AA., 2016]. Regarding the DNA
polymerases in yeast, Pol4 is a Pol X family polymerase (related to mammalian polymerases A\
and p). Moreover, yeast employs also Pol3 (mammalian Pol§) [Ramsden D., 2011].

DSB ligation. Importantly, c-NHEJ is distinct in this regard, because it relies on the
ligase IV function [Wang H. et al., 2001]. In mammals, ligase IV forms a complex with XRCC4
and XLF [Ahnesorg P et al., 2006]. XRCC4 and XLF are particularly important for bridging
DNA molecules and therefore promoting ligase IV activity [Andres SN. et al., 2012].

PAXX (XRCC4 paralogs) is a regulator of XRCC4 [Xing M. et al., 2015]. Besides XRCC4-
ligase IV complex, it interacts with Ku70 directly and promotes Ku accumulation at the break
[Ochi T. et al., 2015; Liu X. et al., 2017]. An emerging view is that PAXX is an additional
protein recruited to hard-to-repair DSBs [Tadi SK. et al., 2016], where it can promote DNA
polymerase A activity [Craxton A. et al., 2018].

In yeast, ligation occurs due to the activity of DNA ligase IV or Dnl4 in S. cerevisiae.
Dnl4 is strongly associated with Lifl. If Lifl is dysfunctional, Dnl4 becomes unstable
[Herrmann G. et al., 1998]. Mrx and Yku were reported to promote association of the

Dnl4-Lif1 complex to the DSB, as well as Nej [Emerson CH. and Bertuch AA., 2016].

3.2.3. Alternative non-homologous end-joining pathway. It has been reported that
critically short telomeres tend to fuse end-to-end via non-canonical end-joining that requires
microhomology [Letsolo BT. et al., 2010].

Alternative NHEJ (a-NHEJ) in certain literature reviews can also be referred to as
alternative end-joining (a-EJ). An early evidence for the existence of alternative end-joining
pathways came from studies in Ku-deficient budding yeast [Boulton SJ. and Jackson SP,

1996]. In mammals, similar observations were made in p53 knockout mice lacking the
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components of the NHEJ machinery, but yet supporting insertions, deletions and
microhomology [Zhu C. et al., 2002].

A-NHEJ is distinct from c-NHEJ and HRR on several counts. First, it does not necessarily
require homology to function as HRR does. However, certain types of fusions that occur
through a-NHEJ can use microhomology, which makes it similar to the SSA pathway [Verma
P and Greenberg R., 2016; Sallmyr A. and Tomkinson AE., 2018]. The latter pathway is
called MMEJ or MHEJ (microhomology-mediated repair). In contrast to SSA, MMEJ
relies on very short homologies, less than 20 bp [Pannunzio NR. et al., 2014; Mladenov E.
et al., 2016]. The final step in the repair is ligation of DNA, but in comparison with c-NHEJ it
is ligase IV independent process, which is executed via either ligase III or I [Wang H. et al.,
2005; Simsek D. et al., 2011; Masani S. et al., 2016].

The distinct characteristics of a-NHEJ are the key players involved in the
pathway: poly(ADP-ribose) polymerasel (PARP1), DNA polymerase 6 (POLQ), and Ligase
III/I [Chang HHY. et al., 2017] (Figure 8). The main role of PARP1 is to catalyse the
polymerization of ADP-ribose units — derived from the ADP donor NAD+ — resulting in the
attachment of either linear or branched PAR polymers to itself or other target proteins. PARP1
is therefore believed to be a sensor of DNA damage [Ray Chaudhuri A. and Nussenzweig A.,
2017]. By means of several biochemical and super-resolution microscopy approaches, it has
been demonstrated that PARP1 competes with KU for DNA DSB repair. KU can be removed
from the sites of DSBs by PARylation that is performed by PARP1 [Wang M. et al., 2006;
Yang G. et al., 2018]. Furthermore, PARP1 recruits MRN complex to the
repair centre (Figure 8) [Haince JE et al., 2008]. In analogy to HRR, MRN together
with CtIP may be necessary for end processing and removal/recruitment of other proteins
[Lamarche BJ. et al., 2010]. Contrary to HRR, MMEJ does not require y-H2AX, neither BLM
nor EXO1 for end processing [Truong LN. et al., 2013].

After DNA is recognized and processed, DNA polymerase 0 is needed for a stable
annealing of DNA strands. Pol® uses short microhomology (2-6 bp) for annealing. Notably, if
this microhomology is not present, due to its transferase activity, Pol@ can add several
nucleotides to create microhomology at the site of the break [Kent T. et al., 2015].
Remarkably, polymerase 6 was found to promote a-NHEJ at dysfunctional telomeres in
cooperation with PARP1 [Mateos-Gomez PA. et al., 2015]. Recently, another DNA
polymerase B was reported to participate in a-NHEJ [Ray S. et al., 2018].
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Figure 8. Alternative NHEJ in human.

The final step of a-NHEJ is ligation of the annealed DNA. End ligation is ligase IV-
independent and relies on the activity of either ligase III or I. Ligase III seems more efficient
in comparison to Ligase I [Lu G., 2016]. Ligase III can form a complex with XRCC1, which
was found to co-exist with MRN in a-NHEJ [Caldecott KW. et al., 1994; Della-Maria J. et al.,
2011].

Whether this pathway is a backup of the main c-NHEJ or acts independently, there is a
body of evidence that a-NHEJ is employed by the cell to create genetic diversity [Ottaviani D.
et al., 2014]. Nevertheless, there are still many outstanding questions that have to be
explored for better understanding how a-NHEJ works and what is the prime importance of

this pathway.
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3.3. DNA damage response at the sites of double-strand break

In eukaryotes, DNA damage response (DDR) is a cascade of signalling events within
the cell as a response to DNA damage. Like a classical signal transduction pathway, it is
comprised of signal sensors, transducers, mediators and effectors. One of the peculiarities of
this signalling pathway is that instead of ligand-receptor interactions, DDR machinery
upstream events rely on the direct recognition and further processing of damaged DNA
molecules. The sensors of this pathway are the proteins that directly recognize damaged DNA
and activate upstream DDR kinases. Then the signal is amplified through the activation of
different mediator kinases, and the final effectors spread the signal that will determine the
fate of the cell.

DNA repair and DDR pathway are tightly connected with each other. MRN complex is
essential in this regard because it appears to be in the front line, where different repair
choices and DNA damage sensing merge [Williams RS. et al., 2007]. In the context of DDR,
MRN is believed to play a role as a sensor of the damage. It is activated immediately at the
damaged sites and directly binds dsDNA. Also, MRN acts as the main factor required for the
rapid localization of ATM (ataxia-telangiectasia mutated) to DSBs [Lee JH. and Paull TT,
2005]. It is important to mention that ATM and ATR (ATM- and Rad3-Related) pathways are
distinct from each other. ATM responds to DSBs, whereas ATR - to
both ssDSBs and dsDSBs with a greater preference to ssDSBs, and is particularly
important to repair the DNA lesions that occur during replication [Maréchal A. and Zou L.,
2013].

At the sites of DSBs, ATM is a transducer protein kinase, which becomes activated by
phosphorylation of its serine residue Ser1981 in human [Bakkenist CJ. and Kastan MB.,
2003]. It has been shown that ATM activation is impaired in cells with MRN deficiencies
[Uziel T. et al., 2003]. Furthermore, the carboxyl terminus of Nbsl (a protein of the MRN
complex) is known to interact with ATM [Falck J. et al., 2005]. Moreover, recently it was
demonstrated that several proteins can enhance ATM signalling via direct interaction with
the MRN complex. For instance, a signalling mediator, p53-binding protein 1 (53BP1)
through it BRCT domain binds to MRN complex directly and regulate ATM phosphorylation
of its substrates [Lee JH. et al, 2010]. Rad17, a replication checkpoint protein, also binds
directly to MRN and is required for the early recruitment of the MRN complex to the DSB

site, and it contributes to ATM activation [Wang Q. et al., 2014]. Smad7 interacts with Nbs1
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and enhances the interaction between ATM and Nbs1 upon DNA damage response, leading to
phosphorylation of downstream substrates [Park S. et al., 2015].

Among substrates that are phosphorylated by ATM are BRCA1, Chk2, p53, H2AX,
MDC1. The latter two act in cooperation. It has been described that H2AX phosphorylation is
performed by ATM as one of the upstream events of DDR activation. The phosphorylated
histone is called yH2AX. yH2AX, in turn, acts as a hub for nuclear foci formation, the
DDR centres where many DNA repair proteins and chromatin remodelling factors are
accumulated [lijima K. et al., 2008; Clouaire T. et al., 2017; Podhorecka M. et al.,,
2010].

Formation of YH2AX foci is one of the key steps in DDR signalling and repair in the
context of chromatin. MDC1 was found to directly interact with YyH2AX and therefore
contribute to the yH2AX foci formation. At the same time, MDC1 interacts with ATM. Thus, it
acts as a mediator between ATM and yH2AX and helps spread phosphorylation of yH2AX by
ATM over long chromosome distances[Stewart GS. et al., 2003; Lee JH. et al., 2005;
Stucki M. et al., 2005].

Although there is no doubt that phosphorylation of H2AX is essential for the DDR
pathway, it has been documented that many other chromatin modifications occur, such as
DNA methylation, different histone modifications etc., which require specific
chromatin remodelling factors [reviewed in Polo SE. and Jackson SP, 2011]. Notably,
YH2AX triggers cascades that rely on ubiquitylation and SUMOylation in order to recruit
BRCA1 and 53BP1 to the damaged sites [reviewed in Daley JM. and Sung P,
2014; Muraki K. and Murnane JB, 2017].

In heterochromatin repair, ATM through its substrate Chk2 phosphorylates KAP1 and
also stimulates further dissociation of heterochromatin protein HP1-B from H3K9me3 around
DSBs [Goodarzi AA. et al., 2008; Bolderson E. et al., 2012]. Also, cells that do not form
53BP1 foci, fail to form phosphorylated KAP1 foci [Noon AT. et al., 2010]. Interestingly,
changes in the chromatin structure upon DDR activation have been reported to increase
chromosome mobility [reviewed in Hauer MH. and Gasser SM., 2017; Smith MJ.
and Rothstein R., 2017; Marnef A. and Legube G., 2017]. This phenomenon is believed to
be common in yeast, where damaged DNA becomes highly mobile and moves within the
nucleus to the repair centres [Lisby M. et al., 2003]. Notably, DSBs that are unable to be
repaired move to the yeast nuclear periphery [Nagai S. et al., 2008]. In higher eukaryotes,

chromosome mobility is relatively weaker compared to yeast, however, it does occur. For
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example, increased chromosome movement of uncapped telomeres in mouse cells has
recently been associated with the 53BP1 repair protein and LINC-domain complex [Dimitrova
N. et al., 2008; Lottersberger E et al., 2015].

As mentioned before, a second transducer kinase pathway can be activated as a
response to DNA damage. This pathway relies on ATR. In the DSB repair, ATR is activated
when the resection of DNA ends takes place, and therefore ssDNA overhangs of certain length
are present [Shiotani B. and Zou L., 2009]. In this process, RPA that coats ssDNA, is
required for the recruitment of the ATR-ATRIP complex to the sites of DNA damage
[Zou L. and Elledge SJ., 2003]. In order to be activated at the site of ssDNA, ATR-ATRIP
interacts with several other proteins. For example, TopBP1 is one of the best characterized
proteins that contains an ATR-activation domain to promote ATR kinase activity through
interaction with both ATR and ATRIP [Kumagai A. et al., 2006; Mordes DA. et al., 2008].
Interestingly, TopBP1 can be activated through phosphorylation by ATM [Yoo HY. et al.,
2007]. Apart from that, ATM may also promote the recruitment of of TopBP1 to sites of
DNA damage through yH2AX and Mdcl [Wang J. et al., 2011].

It turned out that the MRN complex (through its subunit Nbsl) is important for
activation of ATR [Shiotani B. et al., 2013]. In line with this, MRN can also recruit TopBP1 to
ssDNA-to-dsDNA junctions [Duursma AM et al., 2013]. Recently another TopBP1-
independent way to activate ATR was described. Human RPA-binding protein ETAA1 can
directly bind to RPA and propagate ATR signalling [Haahr P, et al., 2016; Lee YC. et al.,
2016]. Last but not least, ATR can be activated via autophosphorylation [Liu S. et al., 2011].

Altogether, activation and recruitment of ATR-ATRIP complex to the sites of DSBs
involves several factors and yet more to be discovered. The key substrate in the ATR pathway
is Chk1. Activation of Chk1 triggers important pathways in cell homeostasis, such as response
to replication stress, apoptosis and many others [Flynn RL. and Zou L., 2011; Blackford AN.
and Jackson SP, 2017].
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3.4. Anti-fusion mechanisms at telomeres

3.4.1. Telomere factors controlling fusions. In budding yeast, several different mechanisms
to prevent fusions have been described. One of them relies on the protein Rapl (Repressor
Activator Protein 1). In 1985, this protein was initially identified as a DNA binding factor
which interacts specifically with the 5’-upstream region of three yeast genes, TEF1, TEF2 and
RP51A, whose products are part of the translation apparatus [Huet J. et al., 1985]. At that
time, this DNA binding factor was temporarily called TUE for translational upstream factor
[Huet J. et al., 1985]. Although there was no known connection at that time, another study
identified this factor to bind telomeric repeats directly [Berman J. et al., 1986]. The link
between the two has been established later when Shore and Nasmyth purified the same
protein than TUF and described it as a transcriptional regulator that can play a role in either
repression or activation of transcription, and therefore dubbed it Rapl [Shore D. and
Nasmyth K., 1987]. Important discoveries were then to show that Rapl is localized on
telomeric DNA in budding yeasts [Conrad MN. et al., 1990; Klein E et al., 1992], covers the
entire length of telomeric DNA [Gilson E. et al., 1993] and regulates telomere length [Lustig
AJ. et al., 1990]. Many more outstanding findings were observed later on, which broaden the
spectrum of yeast Rapl functions in heterochromatin formation, telomerase regulation and
senescence [Moretti P et al., 1994; Hecht A. et al., 1995; Marcand S. et al.,1996; Maillet L. et
al., 1996; Marcand S. et al., 1997; Platt JM. et al., 2013].

Rapl is a key protein to protect against c-NHEJ in yeast [Pardo B. and Marcand S.,
2005]. It can do so either directly through its RCT domain or via recruitment of two other
proteins, Sir4 and Rifl [Marcand S. et al., 2008]. In addition to Rap1l, Nejl in a complex with
Lifl and Dnl4 prevent telomere fusions due to telomerase dysfunction [Liti G. and Louis EJ,
2003]. Notably, yeast Ku heterodimer (Yku) rapidly associates with the DNA at the damaged
sites and prevents resection of DNA through inhibition of MRX complex, which as a
consequence prevents fusions [Bertuch AA. and Lundblad V,, 2003; Celli GB. et al., 2006].

Finally, higher order telomeric chromatin conformation could play a role in budding
yeast to prevent fusion. Although it was not possible to detect conventional t-loops, it was
reported that yeast telomeres can form fold-back structures through Rif2-mediated Rpd3L
recruitment to telomeres [Poschke H. et al., 2012].

The identification of human RAP1 was obtained thanks to a yeast two-hybrid screen of

HeLa cells with TRF2 as a bait [Li B. et al., 2000]. Comparison of RAP1 structure within
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different species (H.sapiens, S.cerevisiae, K.lactis) revealed a high degree of domain
conservation; however, the sequence similarities are surprisingly low [Li B. et al.,
2000]. Importantly, in contrast to budding yeast, mammalian RAP1 does not bind telomeric
DNA directly but through its direct interaction with TRF2 [Li B. et al., 2000]. Some of the
yeast Rap1 functions were confirmed in mice and humans. For instance, it was demonstrated
that both mouse and human RAP1 binds to telomeric and extra-telomeric sites and regulates
the transcription of its target genes, specifically those involved in the metabolism control
[Martinez P et al., 2010; Yang D. et al., 2011; Yeung E et al., 2013; Martinez P et al., 2013].
Interestingly, a cytoplasmic fraction of RAP1 was found to regulate NF-
kB signalling pathway [Teo H. et al., 2010]. Some early studies also reported that RAP1 can
negatively regulate the telomere length [Li B. and de Lange T., 2003; O'Connor MS. et al.,
2004], although, this was not confirmed by means of TALEN RAP1 knockout [Kabir S. et al.,
2014]. Since different cell lines were used to measure the length of telomeres upon RAP1
downregulation, this may suggest that RAP1 controls the length in cell type-dependent
fashion.

Although yeast RAP1 is a key anti-fusion protein, conflicting results regarding its role as
an anti-fusion factor in mammals were reported. Indeed, mouse telomeres lacking RAP1 did
not develop DNA damage response activation [Sfeir A. et al., 2010; Kabir S. et al., 2014] but
can lead to telomere recombination by HDR [Sfeir A. et al., 2010]. As an outcome, this can
trigger telomere resection and fusion [Rai R. et al., 2016]. In vitro, human RAP1 has been
shown to protect against NHEJ either in cooperation with TRF2 or upon tethering to the
telomeric DNA when TRF2 is removed [Bae NS. and Baumann P, 2007; Sarthy J. et al.,
2009; Bombarde O. t al., 2010]. However, none of the studies in mice revealed RAP1 role as
anti-NHEJ factor [Martinez P, et al., 2010; Sfeir A. et al., 2010] except one observation where
upon telomerase dysfunction, RAP1-defficient mice are characterized by progressive telomere
shortening, telomere end-to-end fusions and telomere loss [Martinez P, et al., 2016].

In this regard, Rai and co-workers identified that BRCT and Myb domains of RAP1 are
important to prevent telomere-free fusions and signal-free ends [Rai R. et al., 2016]. They
showed that RAP1 in cooperation with TRF2 are required to fully repress PARP1 and SLX4
localization at telomeres and further t-loop resolution and telomere loss due to circle-
mediated excision [Rai R. et al., 2016].

Importantly, the anti-fusion properties of yeast Rapl are expected to depend on its

interacting partner TRF2. Interestingly, in addition to be the RAP1 recruiter at telomeres,
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TRF2 exhibits potent anti-fusion activities independently of RAP1. TRF2 dysfunction leads to
massive end-to-end-fusions, which are ligase IV-dependent [van Steensel B. et al., 1998;
Smogorzewska A. et al., 2002].

What is the mechanism of telomere protection that depends on TRF2?

One mechanism relies on t-loops, which are the terminal loops that results from
invasion of the 3’ overhang into the duplex part of telomeric DNA forming a lasso-like
structure [Doksani Y. et al., 2013; Benarroch-Popivker D. et al., 2016]. TRF2 promotes the
formation and stabilization of t-loops and protects them from cleavage by resolvases [Poulet
A. et al., 2009; Doksani Y. et al., 2013; Schmutz I. et al., 2017]. It does so through either
basic N-terminal domain [Saint-Leger A. et al., 2014] or by means of homodimerization
domain (TRFH) [Benarroch-Popivker D. et al., 2016, presented in this manuscript].

TRF2 also interacts with other proteins to prevent NHEJ, like Ku, in order to repress
initial steps of NHEJ [Ribes-Zamora A. et al., 2013]. TRF2 also cooperates with Apollo to
protect from fusions and aberrant telomere recombination [Lenain C. et al., 2006; van
Overbeek M. and de Lange T., 2006; Lam YC. et al., 2010]. Apollo is a Artemis-like nuclease
that has 5’ to 3’ exonuclease activity, which can be regulated by TRF2 [Ye J. et al., 2010].
Topoisomerase III alpha was shown to influence chromosome stability in cooperation with
BLM and TRF2 because its dysfunction results in formation of anaphase bridges and
degradation of the 3’-overhangs [Temime-Smaali N. et al., 2008]. Additionally, ERCC1/XPF
complex interacts with TRF2 and is important for the maintenance of the 3’-overhang, which
per se is sufficient to prevent telomere fusion, even when TRF2 is inhibited [Zhu XD. et al.,
2003].

Outside mammals, Tazl, a functional homolog of TRF2 in fission yeast [Deng W. et al.,
2015], interact with a RAP1 homolog to prevent telomere fusion [Miller KM. et al., 2005].

It has been reported that a-NHEJ is activated in cells lacking Ku and is enhanced by further
TPP1-POT1 and TRF2 removal [Sfeir A. and de Lange T., 2012]. In addition, DNA-PK inhibits
a-NHEJ in vitro [Bombarde O. et al., 2010].

3.4.2. How cell cycle controls telomere fusion. DDR at telomeres is controlled by several
shelterin factors. TRF2 has been shown to prevent ATM activation, whereas TPP1-POT and
TRF1 - ATR [Guo X. et al., 2007; Denchi EL. and de Lange T., 2007; Sfeir A. et al., 2009].

Besides excessive DNA damage, TRF1 dysfunction is characterized by multiple telomere
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signals that lead to chromosome fragility and sister fusions as a result of aberrant telomere
recombination [Martinez P, et al., 2009; Sfeir A. et al., 2009].

It is noteworthy that DDR at telomeres is coupled with cell cycle and number of
divisions. Thus, a body of evidence indicates that different DDR proteins accumulate at
telomeres in the cell cycle-dependent manner [Verdun RE. et al., 2005]. Numerous studies
show that DDR and DNA repair proteins compete with each other and with shelterin for
binding to telomeric DNA, and this guides the choice of DNA repair pathway [Deng Y. et al.,
2009; Dimitrova N. and de Lange T., 2009; Rai R. et al., 2017; Muraki K. and Murnane JP,
2018]. In line with this, the main competition occurs between HRR and c-NHEJ (Figure 9). It
is now known that c-NHEJ, as well as a-NHEJ, can be active throughout the cell cycle.
However, HRR outcompetes c-NHEJ in S/G2 phases, whereas NHEJ is a preferred choice in
G1, and both HRR and c-NHEJ inhibit a-NHEJ pathway throughout the cell cycle [Daley JM.
and Sung P, 2014]. Interestingly, during mitosis cells tend to keep any repair activities shut
down, and therefore repair the accumulated damage later in interphase because repair during

mitosis can be highly deleterious [Orthwein A. et al., 2015].

Figure 9. Cell-cycle control of DSB repair.
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The choice between NHEJ and HRR depends on competition between 53BP1 and MRN/
BRCA1 (Figure 10) [Dimitrova N. and de Lange T., 2009; Zimmermann M. and de Lange T.,
2014]. c-NHEJ at telomeres depends on 53BP1. At functional telomeres, TRF2 keeps the ends
blocked for DDR, whereas removal of TRF2 leads to the occupation of telomeres by
phosphorylated 53BP1. In G1, Rifl and PTIP are recruited to 53BP1 to mediate exclusion of
BRCA1 and MRN/CtIP and prevent therefore 5'-resection (Figure 10). In S/G2, CtIP becomes
phosphorylated by CDK and forms a complex with MRN and BRCA1. This complex replaces
53BP1 at telomeres and initiates resection [Zimmermann M. and de Lange T., 2014; Daley
JM. and Sung P, 2014]. Recent work also revealed that phosphorylation/dephosphorylation
of Nbsl (MRN subunit) and its association with TRF2 acts as a switch between all three
repair pathways [Rai R. et al., 2017]. Moreover, through modulation of de-ubiquitination,
TRF2 can also control the recruitment of RNF168, which in turn recruits 53BP1 [Okamoto K.
et al., 2013].

N CDK RIF1

. MRN -

G1 S/G2

Figure 10. DSB occupancy in G1 and S/G2 phases of cell cycle.

In primary cells, accumulation of DDR at telomeres increases with the number of cell
divisions and is passed through generations [Cesare AJ. et al., 2013]. Therefore, telomere
becomes a target of persistent and irreparable damage [Hewitt J. et al., 2012; Suzuki M. et
al., 2012; Fumagalli M. et al., 2014]. Together with telomere shortening that occurs through

divisions, DDR may lead to ceased divisions and replicative senescence or apoptosis if the cell
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cannot survive damage anymore [Arnoult N. and Karlseder J., 2015]. Interestingly, only five
dysfunctional telomeres are enough to trigger senescence [Kaul Z. et al., 2011].

Many other proteins and protein modifications that are not described here, has been
shown to control DDR and DNA damage at telomeres and therefore, control chromosome
fusions. A recent work shows evidence that in mammals besides huge protein network, DDR
at deprotected telomeres is mediated by telomeric IncRNAs, which are called DDRNAs
[Rossiello E et al., 20171].

Altogether, telomere fusions can occur through different DSB repair pathways which are

controlled by comprehensive protein and RNA networks.
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Chapter 2

Research project

1. Objectives of the study

In the begin of the research project (2015), there was no clear vision about RAP1 role
in telomere protection. The RAP1 paradox emerged based on several observations. In yeast, it
has been shown to be among the main factors to protect telomeres from fusions [Pardo
B. and Marcand S., 2005; Marcand S., 2014]. However, in mammals its role at telomeres
was questionable due to the fact that mouse and human RAP1 knockout cells do not display
telomere-dysfunction phenotypes, and RAP1-deficient mice are alive and fertile with no
chromosome fusions over generations [Sfeir A. et al., 2010; Martinez P. et al., 2010; Kabir S.
et al., 2014]. On the other hand, in vitro artificially tethered to telomeres, RAP1 was able to
rescue fusions upon TRF2 dysfunction [Sarthy J. et al., 2009]. Thus, it was tempting to
speculate that RAP1 role in telomere protection could be masked by the immense effect of
TRF2 at telomeres.

Therefore, we aimed to decipher how RAP1 controls NHEJ in human. For this reason,
we set the next objectives:

1. To study the contribution of RAP1 in the control of telomere fusions upon TRF2
dysfunction. To do so, we used a topology-deficient mutant of TRF2 (Top-less). The results
are discussed in section 2. Articlel.

2. To reveal whether RAP1 has any role in telomere protection of replicative senescent

cells. The results of this part are discussed in section 3. Article 2.
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SUMMARY

The shelterin proteins protect telomeres against
activation of the DNA damage checkpoints and
recombinational repair. We show here that a dimer
of the shelterin subunit TRF2 wraps 90 bp of

DNA through several lysine and arginine residues
localized around its homodimerization domain. The
expression of a wrapping-deficient TRF2 mutant,
named Top-less, alters telomeric DNA topology,
decreases the number of terminal loops (t-loops),
and triggers the ATM checkpoint, while still protect-
ing telomeres against non-homologous end joining
(NHEJ). In Top-less cells, the protection against
NHEJ is alleviated if the expression of the TRF2-in-
teracting protein RAP1 is reduced. We conclude
that a distinctive topological state of telomeric
DNA, controlled by the TRF2-dependent DNA wrap-
ping and linked to t-loop formation, inhibits both
ATM activation and NHEJ. The presence of RAP1
at telomeres appears as a backup mechanism to
prevent NHEJ when topology-mediated telomere
protection is impaired.

274 Molecular Cell 61, 274-286, January 21, 2016 =2016 Elsevier Inc.

INTRODUCTION

Telomeres have evolved in eukaryotes from the need to protect
chromosome ends and provide genome stability. Their mainte-
nance requires protection against the DNA damage response
(DDR)thatwould otherwise stop cell division by checkpoint acti-
vation and lead to end-to-end fusion by non-homologous end
joining (NHEJ). In humans, telomeres consist of a repetitive
DNA ending with a single-stranded 3° overhang and organized
ina peculiar chromatin structure involving the shelterin protein
complex and the noncoding RNATERRA (Giraud-Panis et al.,
2013). Their main function is to protect chromosome ends
against DNA damage checkpoints and recombinational repair
aswell as to assist terminal DNA replication and processing
(de Lange, 2005; Gilson and Géli, 2007).

TRF2, one of the shelterin subunits, inhibits NHEJ and the
ataxia telangiectasia mutated (ATM)-dependent DDR pathway
(Celliandde Lange, 2005; Denchiand de Lange, 2007; Okamoto
etal.,2013;vanSteenseletal., 1998).TRF2also protectstelo-
meric sequences against replicative DNA damage, particularly
those due to topological stress (Muraki et al., 2011; Saint-Lé ger
etal.,,2014;Yeetal.,2010).In order to achieve these functions,
TRF2exhibits numerous activities (Feuerhahnetal.,2015). Atits
N terminus, a basic domain (B domain) interacts with branched

—_
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Figure 1. TRFH Domain of TRF2 Condenses
90 bp of DNA
(A) AFM experiments show a decrease in the
contour length (CL) of a 650 bp telomeric DNA
fragment due to TRF2 binding. (Top) Representa-
tive AFM images; scale bars, 50 nm; (bottom)
graph representing CL distribution for free and
bound DNA (n =133 for TRF2, n =304 for DNA).
Histograms correspond to raw data and curves to
the sum of a Gaussian multipeak fitting.
(B) Same experiment as in (A) using the TRFH
domain (n =130 for TRFH, n =154 for DNA).
(C) Topographic AFM (left panel) and DREEM
phase (right panel) images of free TRFH protein
molecules and DNA.
(D and E) Representative topographic AFM (left
panels) and DREEM phase (right panels) images of
TRFH-DNA complexes with telomeric sequences
(D, 135 TTAGGG repeats) or a nontelomeric frag-
ment (E, 3.8kb).
The XY scale bars, 50 nm. Boxed regionsin (D) and
(E) are zoomed DREEM images from main figures.
The TRFH-DNA models are as follows: orange
spheres for TRFH dimers and dark blue lines
for DNA.
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pairs (bp) of DNA is wrapped around a
TRFH homodimer. This wrapping involves
lysines and arginines located on a DNA
path, whose mutation compromises
TRF2 capacity toinduce DNAwrapping
invitro. Inhuman cells, expression of this
mutant, named Top-ess, causes changes

DNA structures and protects them against resolution (Fouché
etal., 2006; Pouletetal.,2009). The homodimerization domain
that forms a horseshoe structure in its dimeric form (TRFH for
TRFhomologydomain)(Chenetal.,2008; Fairalletal.,2001)
has been shown to suppress ATM activation (Okamoto et al.,
2013) and to control TERRA transcription (Porro et al., 2014a,
2014b). Thisdomainalsoactsas abinding hub forvarious repair
proteins, such as Apollo, SLX4, or RTEL1 (Chenetal., 2008; Kim
etal.,2009;Sareketal.,2015;Wanetal.,2013;Wilsonetal.,
2013).The hingedomainharbors sites for other proteininterac-
tions such as the shelterin subunits RAP1 and TIN2 and also
inhibits ATM signaling (Okamoto et al., 2013). Finally, at the
Cterminus a Myb/SANT domain (Telobox) is responsible for
sequence-specific telomeric DNA binding (Bilaud et al., 1996,
1997;Courtetal.,2005). TRF2isalso capable of folding telo-
meric DNA into a lassodike structure called the t4oop (Griffith
etal., 1999; Stansel et al., 2001). This higher-ordertelomeric
DNA structure is believed to play a key role in telomere protec-
tion (Doksani et al., 2013) and has been proposed to be linked
to the ability of TRF2 to stimulate invasion of duplex telomeric
DNA by a homologous single strand (Amiard et al., 2007; Baker

Molecular Cell 61, 274-286, January 21, 2016 =2016 Elsevier Inc.

in telomeric DNA topology, a decrease in

theamountoftdoops,anddefectsintelo-
mere protection against DDR. However, chromosome ends are
still protected against NHEJ. A reduced expression of RAP1
alleviates this protection. These findings reveal thatadistinctive
topologicalstateoftelomericDNA, controlled by TRF2-mediated
DNAwrapping and linked to tdoop formation, inhibits both ATM
activation and NHEJ. The presence of RAP1 at telomeres ap-
pears as a backup mechanism to prevent NHEJ when topol-
ogy-mediated telomere protection is impaired.

RESULTS

TRF2 Condenses 90 bp of DNA through the TRFH
Domain

TRF2-mediated DNA condensation can be observed by
measuring the length of DNA molecules (DNA contour length,
CL) in TRF2-DNA complexes using atomic force microscopy
(AFM). As seenin Figure 1A, TRF2 causes a large decrease in
CL.Fittingthe CLdistribution with a multi-Gaussian curve re-
veals the presence of three types of complexes (CLs of 165 +
10,138 £4,and 111 +£13 nm). Notably, these CL values and
that ofthe naked DNA (192 +11 nm) all differ by multiples of
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27 nm.Deconvoluted volumes of TRF2-DNA complexes (Fig-
ure S1A, available online) also showed a three—peaks distribu-
tion.Sincethe sum ofthevolumesofone TRFH dimerand two
Telobox domains corresponds to 66 nm?, the mean deconvo-
lutedvolume of complexesin peak 1 (90 +34 nm?®)is compatible
with that of adimer of the protein (Figure S1A). By inference, the
two other types of complexes should correspond to two and
three dimers bound to DNA. These analyses revealed that
TRF2 dimers can form complexes with DNA, each condensing
DNA by 27 nm (90 bp).

Since TRF2 ability to condense DNA depends on the TRFH
domain (Amiard et al., 2007; Poulet et al., 2012), we explored
whether this domain is sufficient. Purified TRFH binds DNA,
albeit with low affinity (Figures S1B and S1C), and leads to a
DNA condensation similarto thatof full[ Hength TRF2 (Figure 1B).
Inagreement, the preferredlength of DNAboundbythis domain
is 92bp (FiguresS1DandS1E).We also obtained amultipeak
distribution for the deconvoluted volumes compatible with
dimersandmultimers (Figure S1F). As for the fullHength protein,
larger TRFH-DNA complexes show smaller contour lengths, and
vice versa (Figure S1G). Hence, the Gaussian aspect of the TRFH
CL distribution (Figure 1B) is probably a consequence of varia-
tions in condensation for the different TRFH complexes, likely
duetotheweak affinity of TRFH for DNA. Alternatively, other
domains such as the N-terminal B domain or the Cterminal
Myb/SANT domain of TRF2 may stabilize the wrapped structure
and be accessory to this TRFH-driven reaction.

We found a good correspondence between circumference
and DNA shortening of TRF2-DNA complexes (Figure S1H).
Furthermore,thevalue of nearly linthe slope ofthe linear fit
curvesuggeststhatcircumferenceand DNAshorteningincrease
atthe samerate. Thus, dimensions of TRF2-DNA complexes can
be described by multiples of 27 nmthatcorrespondtoboththe
length of condensed DNA and the circumference of the
complexes.

Thisnumberissimilartothecircumference of 25nmcalcu-
lated from the 3D structure of the TRFH domain (PDB 1H60 and
3BUA)(Chenetal.,2008; Fairalletal.,2001). This suggested that
the circumference of the TRFH/DNA complexes should be
similartothatofthefulldengthprotein,and,indeed,we obtained
26 +£9 nm for the smallest TRFH/DNA complex and multiples of

27 nm for multimeric complexes (Figure S11).

Overall, these results strongly suggest that the TRFH domain
isencircledby 90 bp of DNA. In order to confirm this wrapping,
we used arecently developed AFM imaging technique called
dual resonance frequency enhanced electrostatic forcemicro-
scopy (DREEM). In recent studies, DREEM was successfully
used to observe DNAwrapping around histone proteins in chro-
matin, DNA passing through the hMutSa repair protein, and
higher-order DNAloopingatthe edge of multiprotein fulldength
TRF2-DNA complexes (K.P., D. Wu, J. Lin, P. Countryman, R.
Riehn, P.L. Opresko, and H. Wang, unpublished data; Wu
etal., 2016). We chose to analyze TRFH-DNA complexes rather
thanthose formedwiththe fullHength protein since the otherdo-
mains of TRF2 may impede the visualization ofthe wrapping
around TRFH.In DREEM imaging, both free proteins and DNA
show a decrease in phase, but proteins show a greater contrast
than DNA, thus allowing distinction of both moleculesinacom-

plex (Figure 1C). TRFH-telomeric DNA complexes in DREEM
phaseimages showdarkregions consistentwith protein,andre-
gionswith decreased signal consistentwith DNA (Figure 1D).
The regions with decreased intensities show DNA paths on the
TRFH consistent with the wrapping of DNA around this domain.
We could also observe wrapping when using a nontelomeric
linear DNAfragment(Figure 1E), showingthatthe DNAwrapping
around TRFH is not telomeric DNA-sequence specific.

TRFH Contacts DNA through a Set of Lysine Residues
Toidentifythe TRFHresiduesincontactwithDNA, we performed
protein footprinting using in vitro acetylation by sulfosuccinimidyl
acetate (Figure S2A). This compound specifically acetylates
lysines exposed to the solvent, which can be mapped using
mass spectrometry (Mendozaand Vachet, 2009). We used lysine
acetylation profilesto calculate probabilities of their acetylation
(Figure S2B; Experimental Procedures). Physical contact of the
protein with another molecule modifies lysine acetylation.
Comparing acetylation profiles for unbound and bound TRF2
ona650bpoftelomericDNA,we determinedthe percentage
of DNA-dependent protection for each acetylable lysine (Fig-
ure 2A). Lysines not present in the unbound protein profile due
to lack of acetylation or partial coverage in mass spectrometry
were not analyzed (K140, K495,and K180). TRF2 contains 44 ly-
sines distributed along the sequence, with the exception of the
N-terminal basic domain. Binding of the DNA causes variations
in acetylation to different degrees. Lysines closer to the DNA in
the Telobox structure (Court et al., 2005) are more protected
fromacetylation, validatingthis approach (Figure S2C). The acet-
ylation of some lysines in the hinge domain is also modulated
upon DNA binding, perhaps due to conformational changes in
this domain or to DNA binding. Importantly, marked changes in
acetylationwere observedinthree regions of the TRFH centered
onK158,K176,andK242.Whenpositioned on the 3D structure,
these lysines could be aligned along a DNA path encircling this
domain (Figure 2B). Interestingly,K173,K176,and K179 are
locatedinfrontforonemonomerandinthe backforthe other
monomer, thus introducing chirality in the path around the dimer
and forcing DNA strands to cross (Figure S2D).

TRF2 Wraps DNA around Its TRFH Domain
To go further, we constructed a set of TRF2 mutants containing
lysine-to-alanine replacement. We focused on the lysines exhib-
iting highestsignalsinfootprinting (K158,K176,and K242)and
their surrounding lysines. Mutants with different numbers of
mutated lysines were constructed (Figures S3A and S3B):
K241,K242,and K245 in mutant 3K;K158,K173,K176,and
K179 in mutant 4K; and all seven of them in mutant 7K. We
analyzedthe capacity of these mutantstobind andwrap DNA
by EMSA and by monitoring their topological activity on a
plasmid usingthe Topoisomerase | relaxation assay (Amiard
etal.,2007;Pouletetal.,2012;FiguresS3Cand 3A;numbers
below gels). All mutants were active to different degrees. We
concluded that, if these lysines contributed to wrapping, other
residues must beinvolved.

The TRF1 TRFH is also capable of condensing DNA, but in
TRF1, this capacity is inhibited by the presence of an acidic
N-terminal domain. This suggests that the residues involved in
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Figure 2. Lysines Involved in DNA Binding
Define a “DNA Path” around the TRFH
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(A) (Top) Schematic view of TRF2 domains. (Bot-
tom) Footprinting graph showing the percentage of
DNA-dependent protection from acetylation for
acetylable lysines (FigureS2).

(B) Positions of protected lysines on the 3D struc-
ture of the TRFH domain (PDB: 3BUA). Lysinesin
red show protection above 20%, and those in pink
show protection between 10%and 20%. Lysines
on the back of the structures are indicated by
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identified DNA path.

In order to characterize Top-ess, we
compared its biochemical properties to
those of the wild-type protein (Figures
S3F-S3K). Circular dichroism experi-
ments showed that mutations in Top-
less did not modify the overall folding of
the protein (Figure S3G). We also showed
that Top-ess could bind RAP1 in vitro
(FigureS3H).Asexpected, TopHdess mu-
tations causedamarked decreaseinthe
affinity ofthe TRFH for DNA (Figures S3I
and S3J). The capacity of TRF2 to pro-
mote formation of Holliday junctions and
toinhibit their migration, a propertyapri-
- ori unrelated to DNA topology, was unaf-

s fected (Figure S3K). We also explored

Kiss 4 R O K158
> a Db 2 < whether Top-ess could bind telomeric
a,;&\_ }\ ]K DNAinvivo.Forthis purpose,weuseda
o \L Hela cell line where TRF2 expression
A A could be severely decreased by expres-
K176 K176 sion of a doxycycline (DOX)-inducible

DNAwrapping might be conserved between TRF1 and TRF2.
Indeed, lysines giving a strong signal in the footprinting assay
areeitherconserved, replaced byanarginine,oronlyslightly
shifted (Figure S3D). Two conserved arginines are located on
the putative DNA path (R69 and R99 for TRF2;R91 and R121
in TRF1), and their symmetrical location strongly resembles
that of the conserved lysines K245. We mutated these two argi-
nines to alanines in combination with the seven lysines, giving
the 7K2R mutant (Figure S3A). This mutant showed reduced to-
pologicalactivity(Figure 3A)andwrappingefficiency(Figure 3B).
Similarly, the capacity of 7K2R to stimulate single-strand inva-
sionintoatelomericdouble helixwas stronglyimpaired (Figures
3C and 3D). These reduced activities did not originate from
changes in affinities for telomeric DNA (Figures 3E and 3F)
and were not due to the sole mutations of the two arginines
since the 2K2R mutant (mutations of K158, K242, and the two
arginines) was topologically active (Figure S3E). Overall, we
concludethatasetof lysineand arginine residueslocated on
theoutersurface ofthe TRFH domainisrequired towrap DNA
around it and to confer the topological properties of TRF2.
Thus, the 7K2R mutant was dubbed Top-ess.

shRNA directed against TERF2 (Groli-
mund et al., 2013). Cells treated with DOX were transduced
with lentiviral vectors expressing either wild-type or Top-ess
Myc-tagged forms of TRF2 (resistant to the inducible shRNA).
Ectopic expression of both wildtype TRF2 and Top-ess
restored a level of protein that exceeded the endogenous
amount observed in cells not treated with DOX (Figure S4A).
Binding to telomeres was examined using chromatin immuno-
precipitation (ChIP)usingeitherananti-TRF2 oran anti-Mycanti-
body (Figures S4Band S4C, respectively). No obvious difference
was observed between wild-type and Top-ess. Finally, we
checkedthat Topdess modified neitherthe expression ofthe
other shelterin subunits nor the association of RAP1 and TIN2
at telomeres (Figures S4D-S4G).
Overall,thesedatashowthat Topdessisavaluable separa-
tion-of-function mutant of TRF2 and is deficient for DNA wrap-
ping activity, butit still exhibits several of the known properties
of this protein.

TRF2 Controls Telomeric DNA Topology in Human Cells
Next, we investigated whether DNAwrapping plays arole in the
control of telomere DNA topology in human cells. To monitor
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Figure 3. Biochemical Characterization of a

Topology-Deficient TRF2 Mutant
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(A) Topoisomeraselassay showingthetopological
activity of TRF2 and of lysine/arginine to alanine
mutants. Protein concentrations used were 100,
250, and 500 nM. Average number of helical turns
was calculated at 500 nM for at least 3 experi-
ments.SCstands for supercoiled,and RC stands
for relaxed circular.
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changesinthe DNAtopological state,we used the capacity of
Trioxsalen (4,5',8-trimethylpsoralen) to bind preferentially to un-
wound genomic regions and to crosslink DNA strands when
exposed to UV. Tovalidate this approach, we performed exper-
iments on cells treated with ICRF-193, a catalyticinhibitor of
Topoisomerases 2 (Chen et al., 2015; d’Alcontres et al., 2014;
Hsiehetal.,2015;Yeetal.,2010). HeLa cellswere incubated
with Trioxsalen for 5 minand immediately exposedto UV before
recoveryofthecells.Hence, thebindingprofile of Trioxsalen pro-
videsasnapshotofthetopological state of DNA. As controls,
cells were treated with Trioxsalen but not exposed to UV, or
vice versa. Trioxsalen DNA crosslinking was quantified on soni-
cated genomic DNA after denaturation of DNA fragments by
glyoxalandseparation of crosslinked species (double stranded)
and noncrosslinked species (single stranded) by electrophoresis
(Kouzine etal.,2013). We verified that fragments were of equiv-
alent length (between 210 and 230 bp) using a Bioanalyzer (an
example is given in Figure S5A). After migration, gels were

09+£0.2
TK2R

Concentration nM

—)*/

7TK2R
TRF2 C,,=12+3nM
TK2RC,; =15+ 1nM

(B) AFM experiments showing the decreased
wrapping activity of 7K2R. The graph represents
CL distribution for the TRF2-and 7K2R-bound
DNA(n =133 for TRF2,n =190 for 7K2R). Histo-
grams correspond to raw dataand curves to the
sum of Gaussian curves fitting the raw data.

(O) Invasion assay showing the decrease in inva-
sion caused by 7K2R mutations. Concentrations
N used were 50, 100, 200, 300, and 500 nM for both
proteins.

(D) Quantitative analysis of (C).Error bars corre-
spond to standard deviation from three experi-
ments.

(E) EMSA using ds106Telo and either TRF2 or
7K2R. Concentrations used were 5, 10, 20, 40, and
60 nM of proteins.

(F) Quantitative analysis of (E). Errorbarsrepresent
SD from three experiments.

7TK2R

stained with SYBR green Il following a
denaturing step to remove Trioxsalen.
The SYBR green |l image obtained thus
reflected genome-wide binding of Triox-
salen. To quantify the crosslinked (double
stranded) material, we used a 0.6 kb
threshold because it corresponded to an
inflection pointin the telomeric DNA pro-
files (Figure S5B). We analyzed telomeric
DNA by hybridization of the membrane
obtained by Southern blot of the SYBR
gelwithatelomeric probe (Figure S5D).
Under our conditions, 20%ofgenomic
DNA was crosslinked ( 1 Trioxsalen
every kilobase). Interestingly, ICRF-193 treatment causes a
detectable increasein Trioxsalen crosslinking of telomeric DNA
but not of bulk DNA, indicative of a telomere-specific effect on
DNAtopology (Figure S5E). It may appear counterintuitive to
observe an increase in Trioxsalen binding when inhibiting an
enzyme that removes DNA-positive supercoils, but this could
be duetotopology-drivenregressionofreplicationforks (Yeeles
etal., 2013) or replication/transcription forks stalling, resulting in
the accumulation of unwound regions.

Next, HeLa cells were treated with DOX and transduced with
either the empty, TRF2, or Topess lentiviral vectors as above.
The binding of Trioxsalen to global genomic DNA does not
depend on TRF2 (Figures 4Aand 4C), as expected. However,
a nearly 2-fold increase in crosslinked telomeric species is
observed when treating Hela cells with DOX. This topological
change is rescued by the expression of wild-type TRF2. In
contrast, the expression of Top-ess fails to rescue topological
changestriggered by TRF2 downregulation (Figures 4Band 4C).
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p values were calculated using the Mann-Whitney
test (**p <0.01, *p <0.05; absence of mark in-
dicates no significance).

(D) Representative images of linear (left) DNA and
tdoop (right) obtained on spread chromatin of
HT1080 super Telomerase cells by STORM and
quantification ofthe percentage oftdoopsin TRF2-
(437 objects counted) or Top-ess (634 objects
counted)-expressing cells. Quantification of
TERF2 transcripts was performed by RT-qPCR
and corresponded to a 77% knockdown of the
endogenous TERF2 transcript, while in TRF2 and
Top-ess conditions the ectopic mRNA was 9.5-
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It is unlikely that the effect of TRF2 knockdown on telo-
mere DNA topology is related to a decrease in nucleosome
occupancy, since we rather observe more H3 binding in this
condition than when TRF2 is ectopically expressed (Fig-
ure S4C), in agreement with previous reports (Benetti et al.,
2008; Galati et al., 2012), showing that Top-ess is not
impaired in at least some of the chromatin-+remodeling proper-
ties of TRF2.

The topological change due to TRF2 dysfunction could be
due to the increase in telomere transcription that was previ-
ously observed upon TRF2 depletion (Porro et al., 2014a,
2014b). However, Topdess fully rescues the increased TERRA
expression observed in TRF2-compromised cells (Figures S5F
and S5Q).
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Theseresultsdemonstrate afunctional
link between the intrinsic ability of TRF2
to wrap DNA and the in vivo control of
telomere DNAtopology.

TRF2-Mediated DNA Wrapping
Controls t-Loops

Two facts suggested that Topdess
could lead to variations in the tdoop
content in cells: (1) the reduced capacity of this mutant to
stimulate single-strand invasion in vitro (Figure 3C), a property
thought to be involved in tdoop formation; (2) the telomere
topological change caused by this mutant that could be linked
to a loss of constraining structures such as tdoops. In order
to investigate this, we performed direct stochastic optical
reconstruction microscopy (STORM) imaging as described
by Doksani et al. (2013). In order to increase our chances
to observe t4oops, we used HT1080 cells overexpressing
telomerase which can harbor telomeres of more than 20 kb
(Cristofari and Lingner, 2006). Endogenous TRF2 expression
was reduced by transfection of a siRNA directed against
TRF2, and wild-type TRF2 or Top-ess was ectopically ex-
pressed. As seen in Figure 4D, the amount of tdoops is

TERF2 siRNA
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markedly decreased in Top-ess cells as compared to wild-
type TRF2 cells.

TRF2-Mediated DNA Wrapping Inhibits ATM Signaling

Next, we investigated DDR activation in the Hela celldine

systemusedforTrioxsalenexperiments(DOX-inducible expres-
sion of ShTERF2, lentiviral expression of TRF2, or Topess). We
scored telomere dysfunction-induced foci (TIFs) observed

through the recruitment of 53BP1 on telomeres. As expected,
knockdown of TRF2 significantly increased TIFs (Takaietal.,
2003;Figure 5A).Thistelomeredeprotectionisrescuedbyexog-
enous expression of TRF2, but not of Top-ess. Monitoring
phosphorylated ATM (pATM) gave similar results, showing that
Topdessisimpaired in ATM inhibition (Figure S6A). In agree-
ment,theCHK2 phosphorylationtriggeredby TRF2 downregula-
tionis not fully rescued by Top-ess expression (Figure S6B). Of
note,inthetimeframeofourexperiment,wecouldnotdetect
modifications of the cell cycle (Figure S6C) ruling outanindirect
effect of Topdess on cell proliferation. DDR activation was also
observedinotherTop-ess-expressingcells(HT1080supertelo-
merase cells used for tdoops measurements, BJ-HELT cells
and HT1080 cells; Figures S6D, S6E, and S6F, respectively).
Wealsoobservedanincreasedlevel of TIFsincellsexpressing
ADB,a TRF2 mutantalso compromised for DNAwrapping but
through addition ofthe TRF1 acidic domain and not through
TRFH mutations (as in Topdess) (Pouletetal.,2012).

WealsoanalyzedthisresponseinHT1080 cells by monitoring
the colocalization of TRF1 and phosphorylated histone H2AX
(gH2AX). Again, we obtained a similar response for the Top-
lessmutant (Figure 5B). Of note, the expression ofthe 7Kand
2R mutants in this setting rescued the telomere uncapping trig-
gered by TRF2 inhibition. We concluded that the strong DDR
activation attelomeres triggered by Top-ess stems from the
combination of both the 7K and 2R mutation sets.

We also explored whether Topdess could alter telomere
lengthand cause formation of tcircles by 2D gelanalysis. We
didnotobserve overt production of tcircles and found no differ-
enceinmeantelomerelengthupon TRF2 or Top-essexpression
(FiguresS6Gand S6H), suggestingthatthe decreaseint4oop
number that we observed does not originate from t4oop exci-
sion. Finally, we measured the amount of the 3% overhang using
anin-gelassay.Asexpected, TRF2 knockdown decreases the
amount of 3° overhang, an effect rescued by both TRF2 and
Topdess expression (Figure S61), indicating that the decrease
intdoop formationis not caused by adecreased length of the
3% overhang.

Insummary, the DNA-wrappingactivityof TRF2 isrequired
for telomere protection against ATM activation but is involved
neitherintelomere length regulation norin 3° overhang formation.

TRF2-Mediated DNA Wrapping Inhibits NHEJ

in RAP1-Compromised Cells

Then, we tested the ability of Top-ess to prevent NHEJ by
scoring telomere fusions in metaphase chromosomes. Upon
TRF2 knockdown in Hela cells, more than 20% of telomeres
were fused (Figures 6A and 6B). This effect was rescued by
both TRF2 and Top-ess expression. Since RAP1 was previously
shown to inhibit NHE) independently of TRF2 (Bae and Bau-

mann, 2007; Sarthy et al., 2009), we analyzed the effect of
Top-ess in RAP1compromised cells. In agreement with previ-
ous reports showing that RAP1 is dispensable for NHEJ pro-
tection in mammalian cells (Kabir et al., 2014), reducing its
expression did not increase fusions in wild-type TRF2-express-
ing cells (Figures 6C and 6D). However, a 10-fold increase in
the percentage of chromosome fusionswas observedin Top-
lesscellsuponRAPlinhibition. This effectwasrescued by an
ectopicexpression of RAP1, excluding an off-target effect of
the RAP1 shRNA. These results indicate that TRF2-mediated
DNA wrapping is involved in NHE]J inhibition independently of
RAP1.Moreover, they reveal the anti-NHE] activity of RAP1 as
a backup mechanism for telomere protection in Top-ess cells.

DISCUSSION

Although control of DNA topology is crucial for chromosomal
integrity (Vos etal., 2011), our understanding of its role at telo-
meres is limited. Theoretically, the free DNA ends of telomeres
should allow dissipation of torsional strain. The fact that we
(Biroccioetal.,2011;Chenetal.,2015; Leonettietal.,2008; Te-
mime-Smaalietal.,2008;Yeetal.,2010)and others(d’Alcontres
etal.,2014;Germeetal.,2009;Hsiehetal.,2015)have found
that telomere integrity is particularly sensitive to topological
stress suggests that telomeres may form topologically con-
strained chromatin entities. In agreement with this idea, telo-
meres harbor t4oop structures that may constitute topological
barriers. Inthis report, we unveil that telomeres are topological
objects that rely on a particular DNA-wrapping activity of TRF2
to be protected against ATM activation and NHEJ.

By combining AFM, DREEM, protein footprinting, and topol-
ogy assays, we demonstrate that 90 bp of DNAwrap around
the TRFH domain of TRF2 through an interaction with a set of
lysinesandarginineslocated onthe surface of thisdomain. Inter-
estingly, the localization of these residues on the TRFH domain
imposes achiralityinthe DNA-TRF2 complex (Figure S2D).

The identification of TRFH residues contacting DNA allowed
us to design a mutant largely deficient in wrapping activity and
therefore named Top-ess. Top-ess behaves as a valuable sep-
aration-of-function mutant to study the role of DNA topology at
telomeressince,ononehand,italtersthetopological state of
telomeric DNAinvitro and invivo, while on another hand, it con-
serves many TRF2 properties, including (1) proper folding ac-
cording to CD analysis, (2) specificbinding to telomeric DNA
bothinvitroandinvivo,(3) TIN2and RAP1recruitmentattelo-
meres, (4) facilitation of Holliday junction formation and inhibition
oftheirmigration,and(5)unalteredexpressionofthe othershel-
terin subunits.

Top-ess causes a marked ATM activation at telomeres
showing a loss of function for ATM inhibition. Of note, the
parentalmutants 7Kand 2K, which bear separately the seven
mutated lysines (7K) or the two arginines (2R) mutated in Top-
less, fully protect against ATM activation. Moreover, the wrap-
ping-deficient ADB mutant, bearing a wild-type TRFH domain,
behaves similarlyto Top-ess invivo. Overall, the behavior of
these mutants indicates that Top-Hess-mediated telomere de-
protectionis notdue toalterations in unidentified TRFHbinding
sites for cellular factors. Of note, Top-ess cells not only recruit
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Figure 5. Top-less Does Not Protect against DDR Activation

(A) (Left) Representative sectionimages of detection of 53BP1 by IF (green), telomeric DNA(red), and the merge with DAPI(blue) under the indicated conditions.
TIFs are marked with a circle. Scale bar, 5 mm.

(Right) TIFs per nucleus were quantified. Data represent the means = SE. p values were calculated using the Mann-Whitney test (****p <0.0001).
(B) (Top) Representative section images of detection of TRF1 by IF (green), g-H2AX by IF (red), and the merge with DAPI (blue) under the indicated conditions
using HT1080 cells. TIFs are marked circles. Scale bar, 5 mm.

(Bottom) The percentage of cells showing more than four TIFs was quantified. Data represent the means +SE. p values were calculated using the Mann-Whitney
test(**p <0.01;absence of markindicatesnosignificance). The quantificationof TERF2transcriptlevelforthe differentconditions (controlscramble shRNAwith
expression of empty vector, TERF2 shRNA with expression of either empty vector or TRF2, 7K, 2R, Topess, or ADB) was done by RT-qPCR and is, respectively,
1, 0.65, 20, 42, 76,41.
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Figure 6. TRF2-Mediated DNA Wrapping
Inhibits NHEJ in RAP1-Compromised Cells
(A) Metaphase chromosome spreads of Hela cells
transduced with either empty vector, TRF2, or
Topess viruses upon TRF2 knockdown using
doxycycline (DOX). Chromosomes were stained
fortelomericDNA (green)and with DAPI(blue). The
redarrows showexamplesoftelomerefusions.
(B) Graph showing the percentage of fusions
counted on 2,000 chromosomes. Data represent
the means = SE, and p values were calculated
using Student’sttest (****p <0.0001; absence ofa
mark indicates nosignificance).
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phosphorylated ATM and g-H2AX at telomeres but also recruit
53BP1. Together with an increased amount of phosphorylated
CHK2, these results show that Topess telomeres are impaired
intheinhibitionofboththeinitiationandthe propagationof ATM
signaling. Thismightappearat oddswith the preservation in
Top-essofasmallregionofthe hingedomain (iDDR domain,
aa 407-431), which has been shown to inhibit the recruitment
of 53BP1 (Okamoto et al., 2013). One explanation to reconcile
theseresults could be that the iDDR domain fuction is somehow
altered by the Top-ess mutations. In agreement, the iDDR
domain lies in a region where the lysine acetylation profile
changes upon DNA binding (Figure 2A).
Animportantresultofthis studyis that Top-ess cells exhibita
decreased numberoftdoops, indicating that TRF2-wrapping ac-
tivity is required for tdoop folding. This is in agreement with the

fact that Top-ess is unable to facilitate
strand invasion, a key mechanism in
t4oop formation (Griffith et al., 1999). As
an explanation, DNA wrapping around
the TRFH domain could be involved in
strand invasion and t4oop folding through
the unwinding of DNA outside TRF2
binding sites as we suggested earlier
(Amiardetal.,2007). The efficient protec-
tion against telomere fusion in Topess
cells seems contradictory to the previ-
ously proposed protective role of tdoops
against NHEJ (Doksani etal., 2013). Since
mammalian RAP1was shown to protect
against NHEJ in a TRF2-independent
manner (Bae and Baumann, 2007; Sarthy
etal., 2009) and Top-ess can still recruit
RAP1 at telomeres, RAP1 could provide
a backup anti-NHEJ mechanism in Top-
less cells (Figure 6E).Indeed, areduced
expression of RAP1 triggers a marked increase in telomere
fusionsin Topdess.Theseresultsshowthat TRF2 can protect
against NHEJ through different mechanisms, including the
recruitment at telomeres of RAP1 and its capacity to wrap
DNA around its TRFHdomain.
Ourresultsshowthatoneofthe mechanismsbywhichtelo-
meres control their DNA topology and protect against
ATM activation and NHEJ stems from the right-handed wrap-
ping of telomeric DNA around the TRFH domain of TRF2.
Three independent findings support this conclusion: (1) TRF2
wraps DNAinaright-handed manner, (2) TRF2 controls telo-
mere DNAtopologyin human cells, and (3) the expression of
TRF2 mutants specifically impaired in this wrapping activity
fails to control telomere DNA topology and uncaps telo-
meres. Several nonexclusive mechanisms can be envisaged

282 Molecular Cell 61, 274-286, January 21, 2016 #2016 Elsevier Inc.

46



to link the topological properties of TRF2 to ATM signaling
and NHEJ. One is suggested by the decreased amount of
tdoops in Top-ess cells. This is in agreement with the view
that tdoops prevent ATM activation and constitute a poor
substrate for NHEJ. Another, nonexclusive possibility is that
TRF2 acts as a torsional strain sensor to orchestrate various
activities required to resolve topological problems that may
arise during DNA processing (replication, transcription, and
repair).

In RAP1-proficient cells, Topdess uncouples ATMinhibition
from the anti-NHE] activity of TRF2. Interestingly, this partially
uncapped telomere phenotype of Topess cells is reminiscent
ofthe phenotype of cells either exhibiting spontaneous DDR
activation at telomeres (Cesare et al., 2009; Kaul et al.,
2012;Thanasoulaetal.,2010), eitherwithareduced expres-
sion of TRF2 (Cesare et al., 2013), either upon prolonged
mitotic arrest (Hayashi et al., 2012)or upon deletion of the
TIN2 gene (Takai et al., 2011). This phenotype is described
as an “‘intermediate state”’ of telomere protection and was
proposed to occur when telomeres of primary human cells
become too short to efficiently protect against DDR activation
andtoleadtocellsenescence(CesareandKarlseder,2012).A
topology switch at telomeres may thus constitute a common
mechanism leading to the appearance of such intermediate
state telomeres. In this hypothesis, our results predict that
RAP1 may be critical to protect telomeres of senescent cells
from NHEJ.

This study reveals that telomeres directly use positively
superhelical strain to escape from inappropriate activation of
DDR. Such a functional link between telomere DNAtopology
and DDR control is reminiscent of the transcription of nuclear
pore-associated genes in yeast (Bermejo et al., 2011). The
involvement of mechanisms that control DNA topology in telo-
meric functions appears conserved during evolution since
bacteria and yeast telomeres also rely on topoisomerase to
maintain their integrity (Bankhead et al., 2006; Bao and Cohen,
2004; Chaconasand Kobryn,2010; Germeetal.,2009; Mira-
bellaand Gartenberg, 1997; Tsaietal.,2011). Thus, we pro-
posethatthefolding oftelomeresintotopologically constrained
superstructures is a universal feature of telomeres that may
have been used as a mechanism for end protection during
chromosome evolution.

EXPERIMENTALPROCEDURES

Only specifictechniques used in this study are presented in this section.
Published protocols have been used for several experiments and are detailed
in the Supplemental Information.

Proteins

Allproteinswere obtained using the plasmid pTrcHisB(Invitrogen), bearingan
N-terminal His-tag fusion, and were produced from DH5a bacteria, as
described (Poulet et al., 2012). The TRF2 protein used corresponds to a 500
aa peptide.

Cell Lines and Reagents

HT1080 cells were grown in DMEM supplemented with 10% fetal calf serum,
penicillin (100 1U/ml), and streptomycin (100mg/ml) at 37C. shTERF2-induc-
ibleHeLacellswereagiftfromjoachimLingnerandwereusedasdescribed
previously (Grolimund et al., 2013).

The sequence of TERF2 shRNA used in HT1080 cells was 5'-CCGGCAT
TGGAATGATGACTCTGAACTCGAGTTCAGAGTCATCATTCCAATGTTTTT 30,
Lentivirus productionwas performed bytransient cotransfectionof 293T cells
with the specified lentiviral-expression vector and two packaging plasmids,
p8.91 and pVSVg, by calcium-phosphate precipitation. Viral supernatants
were collected 24 hraftertransfection. The transduction efficiency was deter-
mined for the pWPIR-GFP vectors (pWPIR-GFP, pWPIR-GFP-TRF2, pWPIR-
GFP-7K, pWPIR-GFP2R, pWPIR-GFP-Top-ess, and pWPIR-GFP-ADB) by
flow-cytometry analysis of GFP-positive cells 3 days after infection and
for the pLKO-shRNA plasmids (pLKO-shScramble and pLKO-shTERF2) by
counting the number of clones after 1 week of selection with puromycin
(1 mg/ml).

DREEM Imaging
Topographic signals are collected through mechanically driving cantilevers
near its resonance frequency. Simultaneously, electrostatic signals are
collected through applying AC and DC biases to a highly doped silicon canti-
leverwith the frequency of the AC bias centered on cantilever’s first over-
tone. Importantly, there are no significant cross-talks between topographic
and DREEM channels. The DNA substrates were a mixture of DNA (T135
DNA) fragments from digestion of the pSXneo 135 (T2AG3) plasmid DNA
(agiftfrom Dr.Peter Lansdorp at the University of British Columbia) using
XbalandBglll restriction enzymes (NEB). The two fragments resulted from
digestion and have distinct DNA contour lengths, which enable us to differ-
entiatetelomeric(263 nm)and plasmidic(1,150 nm) DNA fragments. The
TRFHdomainwasdilutedtoafinalconcentrationof445nMin 5 mMHEPES,
150 mM KCl (pH 7.5) and incubated with the T135 DNA fragments (2 nM) for
20 min at room temperature. The incubated samples were diluted 20old in
5 mM HEPES, 150 mM KCI, 10 mM Mg(OAc)2 (pH 7.5) and deposited onto
freshly cleaved mica surface (SPI Supply). DREEM images were collected
using a MFP3D-Bio AFM (Asylum Research) and highly doped Pointprobe
PPPMR probes (Nanosensors; results for force constantwere as follows:
2.8 N/m; results for resonant frequency were as follows: f1 = 80 kHz;
and results for first overtone were as follows: f2 500 kHz). Detailed descrip-
tionof DREEM imagingtechniqueisdescribedintwostudies (K.P.,D.Wu,J.
Lin, P. Countryman, R. Riehn, P.L. Opresko, and H. Wang, unpublished data;
Wuetal.,2016).Briefly, AFM cantilevers were scraped with tweezerstore-
movetheoxidized layer,andthetopsurfacewas coated withathinlayerof
colloidal liquid silver (Ted Pella Inc.). A function generator (Sanford Research
System, model DS335) and lock-in amplifier (Sanford ResearchSystem,
model SR844 RF)were usedtogeneratethe ACand DC biases and monitor
changes invibration amplitude and phase signals near the first overtone
frequency as a function of sample positions. While the AC and DC biases
are applied to AFM tips, the mica substrate is grounded. To optimize DREEM
signals, AC and DC biases were adjusted from0to20Vand 1.5to 1.5V,
respectively.

Protein Footprinting

In total, 8 pmol of TRF2 protein were incubated for 20 min at 25C with or
without 16 pmol of a linearized DNA plasmid containing 650 bp of telomeric
sequences in 10 mM Tris-HCI (pH 8), 150 mM NacCl, 0.5 mM DTT, and 5%
glycerol. Acetylation of lysines was performed by adding 0.5 mM of sulfosuc-
cinimidyl acetate (Thermo scientific) for 30 min at 30C. The reaction was
stopped by adding 1% trifluoroacetic acid (Sigma). The samples were resus-
pended in Laemmli loading buffer and boiled for 5 min. Proteins were
resolved by SDS-PAGE and submitted to trypsin proteolysis, and profiles
of lysine acetylation were analyzed using mass spectrometry. We determined
the probability of lysine acetylation and the probability of disappearance of
lysine acetylation upon DNA interaction. The percentage of protection from
acetylation presented in Figure 2 was calculated as follows: probability of
disappearance of lysine acetylation upon DNA interaction 3 probability of
lysineacetylation ofthe TRF2 protein.Datashown are theresults of five in-
dependent experiments.

Trioxsalen Experiments
In total, two million HelLa cells were treated with or without doxycycline
(1 mg/ml for 5 days) and ICRF-193 (3 mg/ml final concentration for 24 hr)
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and transduced by the Empty, TRF2, or Top-ess expressing vectors.
Treatment was performed in a 10 cm Petri dish in PBS with 280 ml of a
saturated 0.9 mg/ml solution of 4,5 8-trimethylpsoralen (Trioxsalen) for
4 min at 37C in aluminum foil. Crosslinking was performed on a BioSun
(Vilber Lourmat) at 350 nm at 0.36 J/cm2. Then, trioxsalen was removed
and cells were washed, trypsinized, and pelleted. After classical extraction,
DNA was resuspended in 75 ml of TE and sonicated using a Bioruptor
(Diagenode) until fragments were around 200 bp in length. This length
was checked using a Bioanalyzer (Agilent). A total of 8 mg of DNA was
dried using a speed vac, resuspended in 10 ml of Glyoxal buffer (1 M
Glyoxal, 50% DMSO), and incubated at 55 C for 90 min. Orange dye
loading buffer was added, and samples were loaded on a 3% agarose
10 mM Na phosphate buffer (pH 7) gel. Migration was performed for
14 hrin 10 mM Na phosphate buffer (pH 7) at 2.5 V/cm. After migration,
the gelwasincubated for 3 hrat 65 Cin 0.5 NNaOH and 1.5M NacCl. After
several washes in water, the gel was incubated 3 times for 20 min in 13
TBE, and 40 ml of SYBR Green Il (life Technologies) was added to 200 ml
of 13 TBE for staining. After rinsing with water, the gel was scanned using
aTyphoon FLA 9500 (GE Healthcare). DNA in the gel was then transferred
to a N+ Hybond membrane (Southern blotting), telomeric DNA was revealed
using atelomericradiolabeled probe, and the membranewas analyzed as
for EMSA gels.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.molcel.2015.12.009.
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Figure S1
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Figure S2
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Figure S3
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Figure S4
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Figure S5
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Figure S5
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Figure S6
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Figure S6
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Supplementary Information

Supplementary figures legends

Figure S1. Volume and circumference distributions of DNA complexes in AFM experiments
and DNA binding properties of the TRFH domain. Related to Figure 1.

(A) Distribution of deconvoluted volumes corresponding to the same set of TRF2/DNA
complexes shown in Figure 1A. Histograms, expressed as percentage of events and
corresponding to the raw data, were fitted with individual populations applying a Gaussian multi-
peak fitting. The solid line corresponds to the sum of the multi-fitting. Note that the volume
corresponding to the mean value of the first peak is bigger than the calculate volume of the TRFH
+ 2 Myb domains calculated from the 3D X-ray crystallography data (pdb 3BUA and 1VFC
respectively) using the CRYSOL software. Peak 1 is thus compatible with the volume of a dimer.
(B) EMSA using labeled dsTelo106 as DNA probe and either TRF2 or TRFH.

(C) Quantitative analysis of EMSAs. Error bars represent standard deviations from three
experiments.

(D) EMSA showing the binding of the TRFH domain at 250 nM on double stranded DNA probes
of different lengths (54, 64, 82, 106, 118 bp) and containing 44, 54, 72, 96 and 108 bp of
TTAGGG repeats respectively.

(E) Quantitative analysis of EMSAs. Error bars represent standard deviations from three
experiments.

(F) Distribution of deconvoluted volumes for TRFH/DNA complexes calculated from AFM data
shown in Figure 1B. Histograms correspond to raw data and curves to the sum of a Gaussian
multi-peak fitting. Note that the value corresponding to the main volume of the first peak is very

close to the volume of the TRFH domain calculated from the 3D X-ray cristallography data (pdb
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3BUA\) using the CRYSOL software. Peak 1 therefore corresponds to the binding of one dimeric
TRFH domain.

(G) Top: Gaussian curve fitting the raw data for the CL distribution of TRFH/DNA complexes
shown in Figure 1B. The distribution has been divided in two groups depending on their CL (CL
> 163 nm and CL < 163 nm, group | and Il respectively). Bottom: The volume distributions
corresponding to the two CL groups were analyzed and represented in a box and whiskers graph.
A p value < 0.05 was calculated for the difference between the medians of the 2 volume
distributions, attesting that, as for TRF2, bigger complexes have smaller CL and vice-versa.

(H) 2D-probability density map of contour length (CL) and circumference obtained for the
TRF2/DNA complexes representing the probability to find a protein/DNA complex with a given
DNA contour length and the corresponding circumference. Note the slope close to 1 of the linear
fit.

(1) Distribution of the calculated circumference for TRFH/DNA complexes obtained from the

deconvoluted AFM data set shown in Figure 1B.

Figure S2. The acetylation footprinting method: principle and validation. Related to Figure
2.

(A) Schematics of the acetylation protocol. Purified TRF2 is acetylated in vitro by
sulfosuccinimidyl acetate in the presence or absence of telomeric DNA. This compound only
acetylates lysines accessible to solvent. Lysines protected either by DNA or through structural
modifications caused by DNA cannot be acetylated. Mass spectrometry analysis gives acetylation
profiles of the protein and thus allows the determination of protected lysines on the surface of the

protein.
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(B) Probability of acetylation (in %) for lysines in TRF2 reflecting their accessibility to solvent.
Lysines 140 and 495 are not in the graph since their corresponding peptide were missing in the
mass spectrometry profiles.

(C) NMR 3D structure (“PDB: 1VFC”) of TRF2 Myb/SANT domain bound to DNA. Lysines in
red are located close to DNA, lysines in green are farther away. Note the nice correlation between
proximity of DNA and protection shown in Figure 2.

(D) Positions of the protected lysines in the TRFH domain infer chirality in the interaction, thus
forcing strands to cross. From earlier work (Amiard et al., 2007) we know that TRF2 introduces
positive supercoils in a relaxed circular substrate. Two models can be drawn:

In I, DNA strands are crossing at the top of the TRFH structure giving a right handed wrapping.
This would explain the positive supercoils caused by TRF2 in DNA.

In I, DNA strands are crossing at the bottom of the TRFH structure. In this case the wrapping is

left handed. This does not fit with the positive supercoils reported.

Figure S3. Top-less: a mutant allowing separation between topology-related and unrelated
functions of TRF2. Related to Figure 3.

(A) Positions of lysines and arginines mutated to alanine in the TRFH domain of TRF2. The
dotted circle signals residues located at the back of the structure.

(B) Coomassie stained SDS-PAGE of mutants used in the activity (Topoisomerase | assay and
EMSA) screening.

(C) EMSASs using the wild type and mutated proteins and the dsTelo106 probe. Protein
concentrations were 5, 10, 20, 40 and 60 nM.

(D) Positions of mutated lysines and arginines in the TRFH domain of TRF2 and their

corresponding residues in the TRFH of TRF1. Left: positions in TRF2 of lysines giving strong
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signals in the footprint assay (red and pink) and of TRF1-conserved arginines (yellow); Right:
TRF2-conserved lysines in TRF1 with the same color code than their corresponding residues in
TRF2.

(E) Topoisomerase | assay for 2K2R. Protein concentrations used were 100, 250, 500 nM.
Several non-relevant lanes were removed from the image. SC stands for supercoiled and RC
relaxed circular DNA.

(F) Coomassie stained SDS-PAGE of purified TRF2 and Top-less proteins.

(G) Circular dichroism experiment performed with TRF2 and Top-less proteins.

(H) Coomassie stained SDS-PAGE showing recombinant His-tagged TRF2, His-tagged Top-less
and untagged RAP1 proteins purified in E. coli. Recombinant RAP1 (15 pg) was pulled-down
with 10 pg of recombinant TRF2 or Top-less proteins bound on cobalt-based magnetic beads.
Unbound (UB) and bound (B) fractions were analyzed. Note the similar profile between wild
type and mutated proteins showing a similar behavior for RAP1 in vitro binding.

(I EMSA showing the binding of TRFH and TRFH ¢ on dsTelo106. Protein concentrations
used were 50, 100, 500, 1000 and 2000 nM. We noticed a qualitative difference in the nature of
the complexes between both TRFH complexes. The wild type domain yielded complexes that did
not run in 1% agarose, probably due to extensive distortion of DNA, while the mutated domain
yielded complexes that resembled progressive binding of several proteins on less distorted DNA.
(J) Quantitative analysis of EMSAs. Error bars correspond to standard errors between three
experiments.

(K) Formation and migration of a telomeric Holliday junction. Top panel: Schematics of the
reaction. Two substrates (S1 and S2, S1 is 2P labeled on the top strand) containing four human
telomeric repeats and S1 to S2 compatible flapping ends were mixed together in the presence or

absence of TRF2 or Top-less. Aliquots of the reaction were taken at different time points and the
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nature of the species studied by migration in an acrylamide gel. One can observe the appearance
of the slowly migrating four stranded Holliday junction (J). Since substrate (S) and product (P)
were undistinguishable, quantification was done on the sum of the two species. Left panel:
acrylamide electrophoretic analysis of aliquots at different time point. Right panel: quantitative
analysis of the % of Holliday junction (% J) and % of the other species (% S+P) through time.
Error bars correspond to standard deviation between three experiments. Note the identical

behavior for both proteins.

Figure S4. Top-less binds telomeres in Hel a cells, does not modify shelterins expression
and recruits RAP1 and TIN2 to telomeres as well as the wild type protein. Related to Figure
3.

(A) Immuno-blot using an anti-TRF2 antibody showing the expression of wild type or mutant
TRF2 in HeLa cells treated or not with doxycycline (DOX) to induce TRF2 knock-down and
transduced either with empty vector, TRF2 or Top-less expressing lentiviruses. Numbers below
represent quantification of the membrane using the signal from -Actin for normalization.

(B) ChIP experiment performed on TRF2 knocked down HeLa cells and transduced with viruses
either containing an empty vector or expressing TRF2 or Top-less. ChIP was performed using an
anti-TRF2 antibody. Membranes were hybridized using a telomeric probe (Telo). Quantification
performed on two replicates is shown next. Error bars represent standard deviation.

(C) Same experiment as above using either an anti-Myc antibody, an anti-H3 antibody or an

isotype IgG.
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(D) Immuno-blots showing the expression of all other shelterin subunits in HeLa cells treated or
not by doxycycline (DOX) to induce TRF2 knock-down and transduced either with empty vector,
TRF2 or Top-less expressing lentiviruses.

(E) Co-localization of RAP1 (in green) with telomeres (in red) by PNA-FISH IF in the same cells
as above. Nuclei were stained with DAPI. Quantification of the percentage of telomeres co-
localizing with a RAP1 signal is shown below. Data represent the means + SE. P values were
calculated using the Mann-Whitney test (**** P < 0.0001 and an absence of mark indicates no
significance).

(F) ChIP experiment performed on TRF2 knocked down HeLa cells and transduced with viruses
either containing an empty vector or expressing TRF2 or Top-less. ChIP was performed using an
anti-RAP1 antibody. Membranes were hybridized using a telomeric probe (Telo). Quantification
performed on two replicates is shown next. Error bars represent standard deviation.

(G) Same experiment as above using an anti-TIN2 antibody.

Figure S5. TRF2 controls telomeric DNA topology. Related to Figure 4.

(A) Bioanalyzer migration profiles of samples. A representative example is shown corresponding
to the gel shown in Figure 4. An average size of 219 + 14 bp was measured.

(B) Normalized profiles from all Southern blots of crosslinked (xlinked samples) DNA or non-
crosslinked DNA (controls). Data from all experiments were averaged and plotted with the
profile of Molecular Weight Markers (MWM). At the position corresponding to 0.6 kb the
quantity of crosslinked and non-crosslinked material were equal in the crosslinked samples. Thus

above this threshold DNA will be mainly crosslinked and below mainly un-crosslinked.

69



(C) Trioxsalen experiment performed with ICRF-193 treated cells. SYBRII stained glyoxal gel.
M stands for molecular weight markers and the dotted line marks the 0.6 kb threshold used for
analysis.

(D) Southern blot of the glyoxal gel hybridized by a telomeric probe (Telo).

(E) Quantitative analysis of glyoxal gels. The relative amount of DNA material above the 0.6 kb
threshold was measured for each condition. SYBR indicates the values obtained for the SYBRII
stained gels and Telo for the Southern blots. Error bars represent standard deviation from 4
experiments.

(F) Northern slot blot showing the amount of TERRA RNA in HeLa cells compromised for TRF2
(+ DOX) and transduced with viruses expressing either TRF2 or Top-less. The membrane was
hybridized using either the 4C3 telomeric DNA probe (Telo) or a 26S probe (Vincent et al.,
1993).

(G) Quantitative analysis of two northern slot blot experiments. The ratio between Telo and 26S
signals was calculated for each slot in two experiments. Error bars represent min and max values

of 2 replicates.

Figure S6. DDR activation in Top-less expressing cells. Related to Figure 5.

(A) Recruitment of the phosphorylated form of ATM (pATM) on Top-less telomeres. Co-
localization of pATM (in green) with telomeres (in red) was analyzed by PNA-FISH and IF in
HeLa cells treated or not with doxycycline (DOX) to induce TRF2 knock-down and transduced
either with empty vector, TRF2 or Top-less expressing lentiviruses. Quantification of the number
of foci colocolizing pATM and telomeres is shown next. Data represent the means + SE. P values

were calculated using the Mann-Whitney test (**** P < 0.0001).
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(B) Immuno-blots showing the presence of T68 phosphorylated CHK?2 in HeLa cells knocked-
down for TRF2 (+ DOX) and expressing the Top-less mutant compared to control or wild-type
TRF2 expressing cells.

(C) Cell cycle analysis performed on the cells above using propidium iodine staining and analysis
by Flow Cytometry.

(D) Co-localization of 53BP1 IF with a PNA-Telomeric probe revealing telomere dysfunction-
induced foci (TIFs) in HT1080 super-telomerase cells transduced as indicated. Data show the
mean + SE and P values were calculated using the Mann-Whitney test (** P < 0.01, *** P <
0.001, **** P <0.0001). The quantification of TERF2 transcript level for the different conditions
of TRF2 expression (control siRNA with expression of empty vector, TERF2 siRNA with
expression of either empty vector or TRF2 or Top-less) was done by RT-gPCR and is
respectively of 1.1, 0.2, 9.5, 6.5 fold of enrichment. These cells were used to measure the number
of t-loops by STORM.

(E) Recruitment of 53BP1 on telomeres (TIFs) of BJ fibroblasts down-regulated for TERF2 by
siRNA and expressing either TRF2, Top-less or the AAB protein. Data show the mean + SE and
P values were calculated using the Mann-Whitney test (** P < 0.01 and an absence of mark
indicates no significance). The quantification of TERF2 transcript level for the different
conditions of TRF2 expression (control scramble siRNA with expression of empty vector, TERF2
siRNA with expression of either empty vector or TRF2 or Top-less or AAB) was done by RT-
gPCR and is respectively of 1, 0.13, 0.90, 0.79 and 0.97 fold of enrichment.

(F) Recruitment of 53BP1 on telomeres (TIFs) of HT1080 cells down-regulated for TERF2 by
shRNA and expressing either TRF2, and the 7K, 2R, Top-less and AAB mutants. Data show the

mean = SE and P values were calculated using the Mann-Whitney test (** P < 0.01, *** P <

71



0.001, **** P <0.0001 and an absence of mark indicates no significance). The quantification of
TERF2 transcript level for the different conditions of TRF2 expression (control scramble sShRNA
with expression of empty vector, TERF2 shRNA with expression of either empty vector or TRF2
or 7K or 2R or Top-less or AAB) was done by RT-gPCR and is respectively and 1, 0.7, 55, 65,
106, 16 and 68 fold of enrichment.

(G) 2D gels of genomic DNA from HelLa cells compromised for TRF2 (+ DOX) and infected
with viruses expressing either the empty vector, TRF2 or Top-less. The horizontal lines mark the
10 kb and 3 kb sizes. Note the presence of slowly migrating species for the Vector + DOX
sample indicating the presence of fusions.

(H) Migration profiles were obtained for each 2D gel and the corresponding intensities reported
as a function of the sizes thanks to size markers run beside each sample. Note the shoulder on the
Vector + DOX curve corresponding to the fusions.

(1) In-gel 3° overhang experiment, performed with and without Exonuclease | treatment, showing
the amount of telomeric single strand overhang (Native) and total telomeric DNA (Denaturing) in
HT1080 cells compromised for TRF2 (shTERF2) and transduced with viruses either containing
an empty vector or expressing TRF2 or Top-less. Note the expected decrease in overhang due to

the presence of the ShTERF2 and the rescue by both the wild type and mutant proteins.

Material and Methods
AFM imaging
Complexes deposition:
10 pl of a solution of DNA and proteins in 5 mM HEPES pH 7.4, 150 mM KCl and 1 mM
MgCl> was incubated 20 min at 25°C. The protein/DNA molar ratios used were the following:

(2.5/10) nM for TRF2, (1100/7) nM for TRFH, (5/10) nM for Top-less. After incubation, samples
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were crosslinked with glutaraldehyde (0.1% final concentration) for 30 min on ice. Before
applying the sample on freshly cleaved mica, the concentration of MgCl. was increased to 10
mM. After 2 min on mica the sample was washed with 1 ml of deionized water and dried under a
gentle N2 flow. Imaging was performed on a Multimode 8 equipped with E-scanner controlled by
a Nanoscope V (Bruker AXS, Santa. Barbara, CA), in air under Tapping Mode using silicon tips
(RTESP, 300kHz). Images were recorded at 1.5-2.0 Hz over 1 um wide scan area (512x512
pixels). Raw images were flattened using the manufacturer's software (Nanoscope Analysis 1.40)
and converted into TIF files.
Contour Length and volume measurements:

Contour lengths (CLs) for each molecule were manually traced and measured using
Image J software (http://imagej.nih.gov/ij/). For DNA-protein complexes the read-through DNA
length method was used. Measurements of the naked DNA were performed using the naked
molecules found in the images corresponding to the different binding experiments.
Although, the expected contour length for a B-DNA molecule of 650 bp is 221 nm (650 bp* 0.34
nm/bp), the measured mean values obtained for each naked DNA is shorter (192 + 11 nm, 189 +
9 nm and 188 + 9 nm for TRF2, TRFH and Top-less binding experiment respectively). This
discrepancy is related to a DNA shortening possibly due to a partial B- to A-form transition
induced by the drying step (Rivetti and Codeluppi, 2001). The mean helical rise corresponding to
the three different naked DNA mean CLs is then 0.29 nm/bp, that gives rise to 93 bp of DNA
wrapping (27nm/0.29 nm/bp).
Volumes were calculated as ellipsoids using the formula:
V=4/3 *1 *(D/2*d/2*h)

where D, d and h correspond to major diameter, minor diameter and height respectively.
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These parameters were measured using Image SXM software (www.liv.ac.uk/~sdb/ImageSXM).
At least 130 objects were scored for each condition.

Volume deconvolution:

The dimensions of an object imaged by AFM are affected by the broadening effect due to the tip-
sample convolution radius. The relationship between the experimental width of the sample in the
image, W, the radius of curvature of the tip, Rc, and the radius of curvature of the sample, Rm, is
given by the equation (Bustamante et al., 1993):

W=4Rc Rm'?

If two objects are measured with the same probe the ratio between them is the following:
W1/W2 = (R1/R2)Y2

The double-stranded DNA width (2 nm), involved in the protein complex, can be used as an
internal reference for size. This allows us to obtain the real diameters for the protein complex
(Nettikadan et al., 1996).

R1= (W1/W2)?* R2

Where R1 and R2 are the real dimensions of the protein complex and the DNA respectively,
while W1 and W2 are their measured dimensions.

Using the deconvoluted values corresponding to the protein diameters, it is possible to calculate
the deconvoluted volumes.

Circumference estimation :

Once the deconvoluted values for the minor d and major D diameters are obtained, using
the Ramanujan approximation it is possible to calculate the deconvoluted circumference of the
ellipsoid using the following formula:

~ 1 *(3*%(d+D)-((3d+D)*(d+3D))"?)

Plots and statistics :
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All the histograms represent the distribution of a measured or calculated parameter
expressed in percentage of events. To obtain the mean value corresponding to each subpopulation
emerging from multimodal distributions, a multi-Gaussian fitting has been applied using the
QtiPlot data analysis and scientific visualization (http://soft.proindependent.com/qtiplot.html).
All the parameters obtained by the Gaussian fitting are expressed in the text as mean £ FWHM
(Full width at half maximum). The 2D-probability density map of contour length (CL) and
circumference measured by AFM for the complexes TRF2/DNA is obtained using R open source
software (http://www.R-project.org). The software was used to calculate the bivariate kernel
density estimation. The resulting 2D map represents the probability to find a protein/DNA
complex with a given DNA contour length and the corresponding protein circumference. The
darker the region in which the data fall, the higher is their probability density.

The linear fit applied to the scatter plot corresponding to the correlation graph of CLs as a
function of circumferences for TRF2/DNA complexes was performed imposing a y-intercept of
192 nm (mean value of the corresponding naked DNA) and calculated using the QtiPlot software.
The analysis of the TRFH/DNA volume distributions as a function of TRFH/DNA CL
distribution was performed using GraphPad Prism v 5.03. The results are shown as a box and
whiskers plot. To the two volume populations the Wilcoxon matched-pairs signed rank test was
applied giving a p value < 0.05.

Strand invasion assay, topology assays, EMSASs, and Holliday junction migration assays

Strand invasion assays were performed as described previously (Poulet et al., 2012).
Topology assays were also performed as described previously (Amiard et al., 2007; Poulet et al.,
2012), but using pLTelo, a pLEU500-Tc (Chen et al., 1992) -based plasmid containing 650 bp of
human telomeric repeats between BstAPI and BamHI sites. EMSAs were performed using a 106-

bp DNA probe containing 16 TTAGGG repeats flanked by a 5-bp (CAGCC) sequence at the 5’
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and a 5 bp (CCTTG) sequence at the 3’ end. A total of 5 nM of 5” labeled probe was incubated in
a total volume of 10 pl in 20 mM HEPES pH 8, 100 mM NacCl, and 500 ng/ul of acetylated BSA
on ice for 15 min. Ficoll was added to a final concentration of 3% and the samples loaded on a
1% agarose gel with 0.5x TBE under 7 VV/cm. Migration was performed at the same voltage for
30 min. The gels were then dried and analyzed using phosphorimager screens. Analysis was
performed on a Typhoon FLA 9500 (GE Healthcare) using the Image Quant software (GE
Healthcare). Holliday junction migration assays were performed as described previously (Poulet
etal., 2009).

Circular dichroism (CD)

Far-UV CD spectra (between 195 nm and 260 nm) were recorded using a Jasco J-815
spectropolarimeter equipped with a Peltier temperature control unit. The spectra were acquired as
an average of five scans with a scan speed of 100 nm/min and a response time of 2s. CD
measurements were performed at 20°C, using 1-mm quartz cells. TRF2 and Top-less samples
were at 4.6 UM in 10 mM Tris buffer, pH 8.0, 60 mM NaCl, 10% glycerol, and 0.2 mM DTT.
Pull-down assay

A total of 10 g of purified His-fusion TRF2 or His-fusion Top-less proteins were
incubated with cobalt-based magnetic beads (Dynabeads, Lifetechnologies) at 4°C for 30 min in
50 mM sodium phosphate pH 8, 300 mM NaCl, and 0.01% Tween 20. After two washes using
the same buffer, 15 pg of purified Rapl were added at 4°C for 90 min. The supernatant (unbound
fraction, UB) was precipitated with cold acetone and resuspended in Laemmli loading buffer.
After two washes, the magnetic beads containing the His-tagged proteins and associated Rapl
protein (bound fraction, B) were resuspended in Laemmli loading buffer and analyzed by SDS-

PAGE.
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Direct Stochastic Optical Reconstruction Microscopy (STORM) experiments

Preparation of nuclei, psoralen crosslinking and chromatin spreading :

Samples were prepared using the protocol described in Doksani et al (Doksani et al., 2013) with
minor modification: 5 x 10°® nuclei (HT1080 super-telomerase cells with down-regulation of
endogenous TERF2 by siRNA and ectopic expression of TRF2 or Top-less) were isolated as
described in Pipkin and Lichtenheld, 2006 (Pipkin and Lichtenheld, 2006), resuspended in 1 ml
of NWB (10 mM Tris-HCI pH 7.4, 15 mM NacCl, 60 mM KCI, 5 mM EDTA, 300 mM sucrose),
and incubated in a 3.5 cm dish, on ice, in the dark, while stirring for 5 min with 100 pg/ml
Trioxsalen (SIGMA). Nuclei were exposed to 365 nm UV light at 2 cm from the light source
(model UVL-56, UVP) for 30 min, while stirring on ice. After crosslinking, nuclei were
collected, washed once with ice-cold NWB, and resuspended in 250 pl of NWB. For spreading,
nuclei were diluted 1:10 in spreading buffer (10 mM Tris-HCI 7.4, 10 mM EDTA, 0.05% SDS, 1
M NaCl, pre-warmed at 37°C) and 100 pul of the suspension was immediately spread on a 18 mm
diameter 1.5H coverslip (Marienfeld) using a Shandon Cytospin 3 (600 rpm, 1 min, medium
acceleration). Samples were fixed in methanol at —20°C for 10 min followed by 1 min in acetone
at —20°C. The coverslips were washed in PBS 1x and dehydrated through a 70%, 95%, 100%
ethanol series before performing FISH.

Fluorescence in situ hybridization

The PNA probe [CCCTAA]S3, conjugated with Alexa Fluor 647 fluorophore (PNA Bio INC.),
was resuspended in water at a stock concentration of 20 uM and diluted 1:100 in the
hybridization buffer solution (70% formamide, 10 mM Tris-HCI pH 7.2, 1:10 blocking buffer)
before FISH labeling. 10 pl of this solution was put on a glass slide and ethanol-dried samples
on coverslips were then put on top of the drop. The slide-coverslip “sandwich” was placed at

80°C for 10 min on heat block, with the slide-side facing the block, to allow DNA denaturation.
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Then the samples were put overnight in the dark at room temperature in a humidified box in order
to let the hybridation reaction to occur. The coverslip was then removed from the slide and
washed twice for 15 min with 70% formamide; 10 mM Tris-HCI pH 7.2 and 3 times for 5 min
with 0.1 M Tris-HCI pH 7.2, 0.15 M NacCl, 0.08% Tween-20, at room temperature and finally
with PBS 1x. YOYO-1 (1:20000 in PBS1x) was dropped on samples and immediately washed
with PBS 1x. Coverslips were then covered with PBS1x and directly used for imaging.
dSTORM imaging and analysis

The stained coverslips were imaged the same day at room temperature in a closed chamber
(Ludin Chamber, Life Imaging Services) mounted on an inverted motorized microscope (Nikon
TI-E) equipped with a 100x 1.49 NA PL-APO objective and a Perfect Focus System (Nikon),
allowing long acquisition in oblique illumination mode. Imaging was performed in an
extracellular solution containing reducing agents and oxygen scavengers. For ASTORM, Alexa-
647 was first converted into dark state using a 642 nm laser (Coherent) at 30-50 kw/cm2
intensity. Once the ensemble fluorescence was converted into the desired density of single
molecules per frame, the laser power was reduced to 7—15 kw/cm2 and imaged continuously at
10 fps for 5,000 frames. The level of single molecules per frame was controlled by using a 405
nm laser (Omicron). The laser powers were adjusted to keep an optimal level of stochastically
activated molecules during the acquisition. Single molecule fluorescence was collected by a
TIRF-Quad filter set 405/488/561/640 (F66-04TN from AHF analysentechnik AG). The
fluorescence was collected using a 512x512 EMCCD (Evolve, Photometrics). The acquisition
and localization sequences were driven by MetaMorph 7.8.3 and Wavetracer 1.5 software
(Molecular Devices) in streaming mode at 10 frames per second (100 ms exposure time) using
the full chip of the camera. Single molecule localization and re-construction were performed

offline using Wavetracer and GPU acceleration. The reconstructed images where analyzed by
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Image-J software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997-2014) taking into account only the objects having
a length > 1500 um (corresponding to 5000 bp). Molecules having gaps longer than 0.5 pm and
kinked, knobbed-like or branched molecules were not scored as in Doksani et al. (Doksani et al.,
2013).
Western blots

A total of 30 pg of total extract was loaded on a 4-20% acrylamide gradient SDS gel in
Laemmli buffer. After separation, proteins were transferred on an Immobilon-FL PVDF
membrane (Millipore) and TRF2 was revealed using an anti-TRF2 primary antibody from mouse
(Imgenex IMG-124A) and an IRdye-labeled goat anti-mouse antibody (Li-Cor) under the
conditions recommended by the supplier. Bands were revealed using the Odyssey apparatus and
corresponding software (Li-Cor). For shelterin proteins, the following antibodies were used:
Rabbit Polyclonal anti-TRF1 (Santa Cruz Biotechnology, Inc., sc-6165-R); Rabbit Polyclonal
anti-POT1 (Novus Biologicals, NB100-56429); Rabbit Polyclonal anti-TPP1 (Bethyl
Laboratories, Inc., A303-069A): Rabbit Polyclonal anti-TIN2 (Abcam, ab64386); Rabbit
Polyclonal anti-RAP1 (Bethyl Laboratories, Inc., A300-306A); Rabbit Monoclonal anti-CHK?2
(phospho T68), Abcam ab32148); Mouse Monoclonal anti-CHK2 (BD Biosciences,
611571).
Chromatin immunoprecipitation

Anti-Myc ChIP was performed as described previously (Simonet et al., 2011) with minor
modifications. Briefly, HeLa cells were cross-linked for 12 min with 1% formaldehyde and
washed with cold PBS. Cells were centrifuged and the pellet was resuspended in cell lysis buffer
(5 mM PIPES pH8, 85 mM KCI, 0.5% NP40 and protease inhibitors). The cells were disrupted

with a dounce homogenizer and centrifuged at 4°C. The pellet was resuspended in nucleus lysis
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buffer (50 mM Tris-HCL pH 8, 10 mM EDTA, 1% SDS, protease inhibitors) and cells were
sonicated using a Bioruptor to obtain an average fragment size of 400 bp. IPs were set up with 40
Kg of DNA, and Myc-Tag (9B11 Cell Signaling, mouse) and H3 (1791 abcam, rabbit polyclonal)
antibodies were incubated overnight. Magnetic beads (Dynabeads, Life Technologies) were
added for 2 hours. The beads were washed with a low salt buffer (150 mM NacCl, 1% Triton X-
100, 0.1% SDS) and a high salt buffer (500 mM NacCl, 1% Triton X-100, 0.1% SDS), followed
by a lithium salt buffer (0.25 M LiCl, 1% NP40, 1% deoxycholic acid). Chromatin was eluted
with 1% SDS and 0.1 M NaHCOs solution, and the cross-link was reversed at 65°C overnight.
The DNA was treated with RNase for 20 min, proteinase K for 1 hour at 50°C, prior to phenol-
chloroform purification, and ethanol precipitation. DNA samples were dissolved in TE buffer,
blotted onto a N+ Hybond membrane (GE Healthcare) using a slot blot apparatus, and hybridized
with the same probe as used for the trioxsalen experiments. Membranes analysis was performed
as described for trioxsalen experiments. For TRF2, RAP1 and TIN2 ChIP the following
antibodies were used: Rabbit polyclonal anti-RAP1 from Bethyl (A300-306A); Rabbit
polyclonal anti-TIN2  from Abcam (ab64386); Rabbit polyclonal anti-TRF2 from Novus
Biologicals (NB110-57130).
TERRA slot blot

RNA was extracted from 5 million HelLa cells treated (or not) with doxycycline as
described above and transduced by the Empty, TRF2, or Top-less expressing vectors (see below
for transduction conditions) using the RNAeasy kit from Qiagen. RNA (20 pg) from each
condition was digested with 2 units of RNase free DNasel (New englend Biolabs) at 37°C for 10
min and heated at 75°C for 10 min. From these, 10 pg were digested with 1 pug of RNase (Life

Technologies) at 37°C for 10 min. A total of 5 pl of 5x loading buffer (80 mM MOPS, 6 mM
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EDTA, 2.6% formaldehyde, 30% formamide, 20 mM sodium acetate) was added and the samples
were heated at 75°C for 10 min before slot blotting using a N+ Hybond membrane (GE
Healthcare). Before and after slot blotting, wells were washed with 200 pl of 10x SSC. After UV
crosslinking of the membrane and baking at 80°C during 15 min, bands were revealed by
sequential hybridization in Church buffer with a telomeric probe (the same used for Trioxsalen
experiments) and a probe obtained from a 500-bp fragment corresponding to the sequence of the
human 26S RNA (precursor of 18S RNA (Vincent et al., 1993)). Membranes analysis was
performed as described for trioxsalen experiments.
Immunofluorescence detection of telomere dysfunction-induced foci

Slides were fixed with 4% formaldehyde in PBS at room temperature for 10 min, and then
incubated for 90 min with blocking buffer (PBS, 1% Triton X-100, 1% BSA and 5% Donkey
serum), followed by incubation overnight at 4°C with anti-TRF1 (sc-6165; Santa Cruz
Biotechnology) and anti-yH2AX (05-636; Upstate) antibodies. Cells were then washed with PBS
and incubated with anti-rabbit Alexa488 (A21206; Molecular probes) and anti-mouse Alexa555
(A31570; Molecular probes) antibodies. After washing with PBS, the nucleus was labeled
with DAPI (VECTASHIELD mounting medium with DAPI, Vector Laboratories). For IF-PNA
FISH labelling, slides were first treated as above using a rabbit anti-53BP1 antibody (NB100-
305; Novus Biological) followed by a goat anti-rabbit Alexa 488 antibody (111-545-144; Jackson
ImmunoResearch) then fixed again with 4% formaldehyde in PBS at room temperature for 2 min,
de-hydrated by successive incubation in 50%, 75% and 100% ethanol for three min.
Hybridization was performed at 80°C in70% Formamide, 10 mM Tris pH 7.2 for three min
followed by an incubation overnight at room temperature. Slides were washed first in the
Formamide, Tris solution above, then in a 150 mM NaCl, 50 mM Tris pH 7.5 solution and finally

PBS. Mounting was performed as above.
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IF images were produced using a Zeiss LSM 5 Exciter confocal laser scanning
microscope (Zeiss, Jena, Germany) and analyzed using the ZEN software. PNAFISH/IF images
were obtained on a DeltaVision Elite microscope (GE Healthcare).

Metaphase spreads analysis

For chromosome analysis, cells were arrested in metaphase for 3 hours at 37°C with 50
ng/ml of colcemid (KaryoMAX, Invitrogen). Cells were incubated for 15 min at 37°C in
hypotonic solution (75 mM KCI), fixed in methanol:acetic acid (3:1), and spread on cold, wet,
ethanol-cleaned slides. Slides were fixed in 4% formaldehyde in PBS for 2 min, washed in PBS,
digested with pepsin (0.5 mg/ml, 0.01 N HCI) for 10 min at 37°C, washed in PBS, fixed in 4%
formaldehyde in PBS for 2 min, washed in PBS, dehydrated in increasing concentrations of
ethanol, and air-dried. Hybridization was then performed using FITC-conjugated (CCCTAA)3
PNA probe (Panagene) diluted at 50 nM in 70% formamide, 10 mM Tris-HCI (pH7.2), and 1%
blocking reagent (Roche). Slides were denatured at 80°C for 3 min at room temperature, and
hybridization was performed at room temperature in a moist chamber in the dark for 2 hours.
Slides were washed twice for 15 min in 70% formamide and 10 mM Tris-HCI (pH 7.2) and three
times for 5 min in 50 mM Tris-HCI pH 7.5, 150 mM NaCl, and 0.05% Tween-20 at room
temperature. Slides were washed in PBS and mounted in VECTASHIELD with DAPI (Vector
laboratories).

Metaphase spreads were visualized on an epifluorescence Axioimager Z2 microscope and
analyzed using the metasystem ISIS software.
2D gels

DNA (5 ug) extracted from HeLa cells treated with or without doxycycline as described
above and transduced with Empty, TRF2, or Top-less expressing vectors was migrated on an

0.5% agarose in 1x TBE (15-cm gel at 130 V) until the xylene dye was 2 cm from the bottom of
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the gel. Bands were cut and placed horizontally for a second-dimension electrophoresis
performed in 0.5 pg/ml ethidium bromide and 1x TBE (both in the gel and the running buffer).
Markers were run beside each sample band. Migration was performed at 50 V for 14 hours. After
migration, DNA was transferred onto a membrane, telomeric DNA was revealed and data were
analyzed as above (Trioxsalen experiments).
Overhang assay

The overhang assay was adapted from van Steensel et al., 1998 (van Steensel et al., 1998).
Briefly, 10 pg of genomic DNA from HT1080 cells expressing shTERF2 and transduced with
either the Empty vector or vectors expressing the TRF2 or Top-less proteins (see above) were
digested with 125 and 175 units of Hinfl and Rsal (Promega), respectively, overnight at 37°C.
After ethanol precipitation, the samples were divided in two; half was digested with 100 units of
E. coli Exonuclease | (New England Biolabs) for 5 hours at 37°C. All samples were hybridized
with 0.2 pmolesof a 3P end-labeled single-stranded (CCCTAA); probe overnight at 50°C.
Hybridized samples were loaded on a 10-cm-long, 0.9% 1x TBE agarose gel and migrated at 6
V/cm for 75 min at room temperature. The gel was then dried on 3 MM paper for 4 hours at 40°C
and exposed on a phosphorimager screen. Analysis was performed as described above on a
Typhoon 9500. For denaturing conditions, an in-gel denaturing hybridization was performed on

the dried gel, as described previously (Karlseder et al., 2002).
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SUMMARY

RAP1 is an evolutionary conserved telomeric protein between yeast and mammals.
Although yeast Rapl is a key telomere capping protein preventing NHEJ and consequently
telomere fusions (Pardo B. and Marcand S., 2005), and mammalian RAP1 protects against
NHEJ in vitro (Bae NS. and Baumann P, 2007; Sarthy J. et al.,, 2009), its role at
mammalian telomeres in vivo is still controversial (Sfeir A. et al., 2010; Kabir S. et al.,
2014; Martinez P et al., 2016). An emerging view is that RAP1 behaves as a backup anti-
fusion factor in mammalian cells when its interacting partner, TRF2, is dysfunctional
(Benarroch-Popivker D. et al., 2016; Rai R. et al., 2016) or upon telomerase inhibition in
mice (Martinez P, et al., 2016).

Here we demonstrate that RAP1 is required to protect telomeres specifically in
replicative senescent human cells. Downregulation of RAP1 in these cells, but not in young or
dividing pre-senescent cells, leads to telomere uncapping and fusions. The anti-fusion effect
of RAP1 was further explored in a HeLa cell line when the RAP1 gene can be invalidated
by doxycycline (Kim H. et al., 2017). The invalidation of RAP1 in these cells gives rise to
telomere fusions only upon telomerase inhibition by BIBR1532 treatment. We further
showed that the fusions triggered by RAP1 loss are dependent upon ligase IV, indicating that

they are generated through classical NHEJ between telomere ends.

Keywords: Telomeres, RAP1, NHEJ, chromosome fusions, replicative senescence
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RESULTS
RAP1 is specifically required for telomere protection in senescent fibroblasts.

We passaged human primary lung fibroblasts (MRC-5) at 5% oxygen and we performed
western blotting at different population doublings to determine the levels of RAP1 and TRF2
expression (Supplementary Fig.1A). While, as expected (Fujita K. et al., 2010; Lou Z. et al.,
2015) the TRF2 levels greatly decreased (around 80%) in senescent cells, the levels of RAP1
remained nearly constant, suggesting an important role played by RAP1 in these cells. Thus,
we asked whether RAP1 is required for telomere protection in senescent cells. The expression
of an shRNA against RAP1 in young and senescent cells efficiently downregulated its
expression (Supplementary Fig. 1B). In order to monitor telomere protection, we performed
Telomere Dysfunction Induced Foci (TIF) assays by analyzing the colocalization of 53BP1, a
DNA damage response (DDR) protein, with a telomeric PNA probe (Fig. 1A-B). The rate of
TIFs augmented with increasing the number of cell divisions as previously reported (Herbig
U. et al., 2004; Kaul Z. et al., 2011; Suzuki M. et al., 2012; Fumagalli M. et al., 2014). In
agreement with previous studies failing to detect telomere dysfunction upon RAP1 disruption
(Martinez P, et al., 2010; Sfeir A. et al., 2010; Kabir S. et al., 2014) the downregulation of
RAP1 in young and pre-senescent cells does not increase the rate of TIE However, the TIF
rate significantly increased in fully senescent RAP1-compromised cells, revealing that RAP1
takes over telomere protection against DNA damage checkpoint activation specifically in
senescent cells (Fig. 1A-B). Telomere length analysis does not show telomere length
alterations due to RAP1 loss,; thus, the increase of TIFs is unlikely to be the consequence of

an excess of telomere shortening in RAP1-compromised cells(Supplementary Fig. 1.C-D).

RAP1 prevents telomere fusions in senescent fibroblasts.

Then we investigated whether RAP1 also protects telomeres of senescent cells from
telomere fusions by using a PCR-based method that relies on subtelomeric DNA primers
which are used to amplify fusions between different chromosome ends (Supplementary Fig.
2A) (Capper R. et al., 2007; Letsolo BM. et al., 2010). We performed PCR reactions with a
set of three different subtelomeric primers that in total bind to the ends of approximately 22

chromosomes. Nearly no chromosome fusions were detected in young fibroblasts (fusion

frequency of 1.5x107>; Fig. 2A-B and Supplementary Fig. 2B-C) with a modest increase in

pre-senescent cells (frequency of 4.5x10°). These low rates of telomere fusion were not
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increased upon RAP1 downregulation. In contrast, senescent cells were characterized by

nearly 10 times higher fusion frequency as compared to young cells (frequency of 1.4x10™%),

a frequency further increased upon RAP1 downregulation (frequency of 2.6x104).

RAP1 protects critically short telomeres from fusion.

To determine whether the RAP1-dependent telomere protection observed in senescent
cells is due to the appearance of critically short telomeres, we used a HeLa cell line with a
doxycycline-inducible knockout allele of RAP1 (Kim H. et al., 2017). We treated cells with
doxycycline for 15 days with or without the telomerase inhibitor BIBR1532 (Fig. 3A). As
expected, BIBR1532 caused a notable decrease in telomere length (Fig. 3B). Similar to
MRC-5 senescent cells (Supplementary Fig. 1D-E), no further length shortening was observed
when RAP1 was inhibited (Fig. 3B) even when critically short telomeres were assayed by
single telomere length analysis (STELA) of the XpYp telomere (Baird DM. et al., 2003)
(Supplementary Fig. 3A).

The PCR-based telomere fusion assay revealed that RAP1 downregulation triggers an
increase in fusion frequency only in HeLa cells treated with BIBR1532 (Fig. 3C and
Supplementary Fig. 3B). Next, we ask whether the fusions were the result of the classical or
alternative NHEJ pathway by depleting DNA ligase IV (LIG4) or DNA ligase III (LIG3)
respectively (Fig. 3C and Supplementary Fig. 3C-E) (Oh S. et al.,, 2014). Only cells
downregulated for LIG4 were insensitive to RAP1 inhibition showing that, at least in part, the
fusions triggered by RAP1 loss are dependent on the classical NHEJ pathway. Notably, in-gel
telomere overhang assays in HeLa cells upon RAP1 invalidation did not show an obvious
reduction in the 3’ overhang length (Supplementary Fig. 3F-G) suggesting the telomere
fusions triggered by RAP1 inhibition do not result from the appearance of blunted telomere
ends.

Then, we analyzed the telomere abnormalities triggered by RAP1 inhibition in
metaphase spreads of HeLa cells treated with BIBR1532 (Fig. 3D-F). Consistent with the
fusion-PCR results, HeLa cells treated with BIBR1532 and doxycline exhibit an increase in the
frequency of telomere fusions. Notably, RAP1 inhibition did not lead to telomere fragility (as
recorded by multiple telomere signal or MTS) nor to telomere shortening.

Overall, these results indicate that RAP1 is required to protect critically short telomeres

from classical NHEJ-mediated fusions, providing an explanation for the specific anti-fusion
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role of RAP1 in senescent cells. A similar observation was made by Martinez and colleagues

in a double RAP1/TERT knockout mice (Martinez P, et al., 2016).

Reversal of senescence is impaired in RAP1 compromised senescent fibroblasts.
Finally, we asked whether RAP1 inhibition could impair the return to growth of
senescent cells in case of checkpoint failure. Since it is possible to reverse replicative

senescence through p53 inactivation (Beauséjour C. et al., 2003), senescent human primary

fibroblasts were infected with either an shRNA against p21CIP1 (shp21CIP1y or
shp21CIP1 4+ ShRAP1 (Fig. 4A). After approximately 10 days post infection, most of the
shp21CIP1 transduced cells restarted proliferation while losing their SA-B-gal staining (Fig.

4B). In contrast, the number of shp21CIP14+shRAP1 cells decreased without losing their SA-B-

gal staining (Fig. 4B). It is likely that the impaired restart of RAP1 compromised cells results
from an increased rate of telomere aberrations. We conclude that senescent cells maintain a
level of RAP1 expression sufficient to allow them to restart proliferation in case of checkpoint

failure.

DISCUSSION

Here we demonstrate that the downregulation of RAP1 in human primary cells that
have reached their replicative capacity give rise to telomeric fusions that are dependent on
the classical NHEJ ligase IV repair pathway. Several studies in mouse and human cells have
failed to detect a role for RAP1 in telomere protection (Martinez et al., 2010; Sfeir et al.,
2010, Kabir et al., 2014). For instance, this was our case in young or pre-senescent cells
where depletion of RAP1 did not have an adding effect on telomere fusions. The importance
of the anti-fusion role of RAP1 was only evident when telomeres were shorter, in one case
upon senescence and in another in Hela cells treated with the telomerase inhibitor
BIBR1532. Upon RAP1 depletion (Supplementary Fig. 3D-E and Fig. 3B), we observe neither
telomere length shortening nor signs of telomere dysfunction apart from telomere fusions
(Fig. 3D-F).

Altogether, our results unveil that during replicative senescence of human cells, the
telomeres switch from a RAPl-independent to a RAPl-dependent mode of telomere

protection. We propose that this switch is triggered by the appearance of short telomeres
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unable to fold into t-loops, which is likely to be the main anti-DNA damage repair mechanism
mediated by TRF2 in young cells (Fig. 4C).

The PCR-base method used on this study to detect fusion events relies on the use of
sub-telomeric primers. We used three subtelomeric primers in the same PCR reaction to
increase the probability of fusion detection. The minimum predicted size of a fusion detected
using the 16p probe (e.g. Fig. 2B) is around 7kb, however the majority of the amplicons were
shorter than that. This would imply that at least one of the telomeres that fused has no
telomeric repeats and even more some of the sub-telomeric DNA should be eroded as
reported previously (Capper R. et al., 2007).

Martinez and colleagues (2016) showed that RAP1 has a protective role on mouse
telomeres but only in Terc-/- mice. In contrast to our cellular settings, telomere shortening
was accelerated in double knockout mice (Terc-/-, Rap-/-) compared to Terc-/-. This
accelerated telomere shortening upon RAP1 depletion gave rise to an increased number of
telomere aberrations such as fusion events, signal free ends, multiple telomere signal and
telomere sister chromatid exchanges. Together with our results, RAP1 appears to have the
capability to protect against telomere fusions by different mechanisms: by inhibiting classical
NHEJ (this study) and by preventing homologous recombination at chromosome ends
resulting in fusogenic telomere-free ends (Rai R. et al., 2016; Martinez P, et al., 2016).

Interestingly, RAP1 has been shown to interact with the Sunl, a member of the LINC
(Linker of Nucleoskeleton and Cytoskeleton) complex and to tether telomeres to the nuclear
envelope specifically just after mitosis (Crabbe L et al., 2012). It is therefore possible that the
depletion of RAP1 in arrested senescent cells, or in cells with short telomeres, released the
telomeres from the nuclear periphery making them more mobile and prone to fusions.

A downregulation of RAP1 in senescent fibroblasts forced to divide due to checkpoint

inhibition caused a massive cell death. One explanation could be that accumulated fused
chromosomes in the double RAP1 and p21C€P1 knockdown condition may trigger mitotic

catastrophe, which has been described as a mechanism of cell death occurring during or after
aberrant mitosis (Vakifahmetoglu H. et al., 2008).

Our findings reveal that RAP1 acts as a mechanism of telomere protection specifically in
replicative senescent cells. Whether this telomere capping role of RAP1 drives its
conservation through evolution as a constitutive telomeric protein raises the question of the

physiological rationale to prevent telomere fusions in senescent cell.
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Figure legends

Figure 1. DDR at telomeres in MRC-5 of different population doublings. A. TIF analysis.
Bars represent SEM of 2 independent experiments of approximately 40-50 cells per condition.
P-value was obtained by two-tailed Mann-Whitney U test (p=0.0053).

B. Representative images of IF-FISH with anti-53BP1 antibody and telomeric PNA probe in
young (pd 26), pre-senescent (pd 66), senescent (pd 72 + 4 weeks) fibroblasts. RAP1
expression was abolished by shRNA (shRAP1).

Figure 2. Frequency of fusions in human primary fibroblasts. A. Fusion frequencies were
measured by means of telomere fusion assay with 3 subtelomeric primers in the same
reaction (21ql, XpYpM and 16p1l). B. Representative membranes hybridized with the 16p

probe are shown.

Figure 3. Telomere fusions in HeLa upon inducible RAP1 knockout. A. Western blotting
with anti-RAP1 and tubulin antibodies to evaluate the efficiency of knockout, which was
induced by doxycycline (DOX; lug/ul final concentration) treatment for 15 days. Cells were
treated selectively with the telomerase inhibitor BIBR1532 for 25 days. B. Southern blot
(teloblot) hybridized with a telomeric probe to evaluate the efficiency of BIBR1532. C.
Frequency of fusions in HeLa cells. D. Percentage of end-to-end fusions observed in HelLa
knockout vs control upon BIBR1532 treatment. Number of chromosomes analyzed per
condition: -DOX = 1366, +DOX = 1474. E. Percentage of other chromosome aberrations
obtained from the conditions described in D. E Examples of chromosome aberrations

observed in D and E.

Figure 4. Return to growth of post-senescent MRC-5 cells. A. Growth curves of MRC-5
fibroblasts. After reaching replicative senescence, cells were infected either with shp21CIP1
or shp21CIP1+shRAP1 and harvested 15 days post infection. B. SA-B-gal assay in senescent
and post-senescent fibroblasts (day O and 15 of lentivirus infection). Approximately 300 cells
were analyzed per condition. Percentage of SA-B-gal positive cells is indicated for each

condition. C. Model of RAP1 telomere protection in young and senescent cells.

90



Supplementary Figure 1. RAP1 is associated with telomeres in young and senescent
human fibroblasts. A. Expression of RAP1 and TRF2 in MRC-5 cells of different population
doublings (pd) measured by western blotting with the anti-RAP1 and anti-TRF2 antibodies.
Young corresponds to pd 26, pre-senescent to pd 66, senescent to pd 72. Senescent cells were
left in culture for further 3 weeks (pd 72 + 3 weeks). B. Western blots of RAP and tubulin of
young MRC-5 (pd 28) upon RAP1 knockdown. C. Southern blotting showing the telomere
length of young (pd 26) and senescent cells (pd 72 + 3 weeks) upon shRAP1 treatment for
10 days. D. STELA at the Xp/Yp telomere of senescent cells transduced with either a control

vector or an shRAP1 expressing vector.

Supplementary Figure 2. A. Location of the primers and probes used for telomere fusion
per: red arrows indicate positions of subtelomere pcr primers, black arrows stand for the
primers used to generate DNA probes for further hybridization with the southern blot
membranes. B-C. Representative membranes of the telomere fusion assay as performed in

Fig.2.

Supplementary Figure 3. Neither increase in critically short telomeres nor telomere
overhang shortening occurs upon RAP1 knockdown. A. STELA assay with the XpYp probe
in HeLa cells. Average telomere length and percentage of critically short telomeres (below 1.5
kb) are indicated for each sample on the images of the gels. B-C. Representative fusion PCR
blots in HeLa hybridized with either the Xp/Yp probe (B) or with the 16p probe (C). The
conditions used in the assay are indicated. D-E. Relative mRNA levels of LIG3 and LIG4
measured by qPCR (corresponding to the experiment shown in Fig.3). Error bars represent
SD. P-values obtained by paired t-test (*** p=0.0001 for shLIG3 and **p=0.0061 for
shLIG4). E Quantification of normalized telomere overhang signal was done by dividing
signal intensity obtained by native gel hybridization to the total signal obtained with
denatured gels. G. Images of native and denatured gels that represent telomere overhang

assay in HeLa cells.

Materials and methods

Cell lines and reagents. MRC-5 human primary lung fibroblasts were obtained from ATCC.
MRC-5 cells were grown in DMEM supplemented with 10% fetal bovine serum penicillin

(100 IU/ml), and streptomycin (100 pug/ml) at 37°C 5% CO2, 5% O2. HeLa CRISPR/Cas9
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engineered cell line with the doxycycline inducible knockout of RAP1 was a gift from Dr.
Songyang (Kim et al., 2017). Cells were grown in DMEM with 10% tetracycline-free serum.
To induce knockout of RAP1, we treated cells for 15 days with doxycycline (2 ug/mL, Sigma).
Telomere shortening was selectively induced by treatment with the telomerase inhibitor

BIBR1532 (20 uM, Merck).

Lentivirus production and infection. Lentiviruses were produced by transient calcium
phosphate transfection of 293T cells with the virus packaging plasmids, p8.91 and pVSVg,
as well as with the lentiviral expression vector that contained the sequence of interest.
Titration was performed approximately 10 days after infection by means of puromycin (1 ug/
ml) selection of clones.

The following shRNA plasmids were purchased from Sigma and used for lentivirus
production: pLKO-shScramble, pLKO-shTERF2IB pLKO-shp21CIP1  pLKO-shLIG3, pLKO-

shLIG4. Infection with various shRNAs was performed for a minimum of 4 days, and
depending on experiment cells were kept in culture for up to 10-15 days after infection (10
days for telomere fusion assay in MRC-5, 15 days — for post-senescent cells). Efficiency of

each shRNA was checked routinely by RT-qPCR or western blotting.

Antibodies. The following antibodies were used for western blotting: rabbit polyclonal anti-
RAP1, 1:5000 (Bethyl Laboratories, Inc., A300-306A), rabbit polyclonal anti-TRF2, 1:5000
(Novus

Biologicals, NB110-57130), mouse monoclonal anti-a-tubulin, 1:2000 (Merck, T9026), rabbit
polyclonal anti-GAPDH, 1:1000 (Novus Biologicals 100-56875), mouse monoclonal anti-p21,
1 wug/ml (Abcam, abl16767), HRP goat anti-mouse IgG, 1:10 000 (Vector Laboratories,
PI-2000) and HRP goat anti-rabbit IgG, 1:10 000 (Vector Laboratories, PI-1000).

For immunofluorescence we used the next antibodies: rabbit polyclonal anti-53BP1, 1:250
(Novus Biologicals, NB100-305), goat  anti-rabbit Alexa 488  antibody, 1:400
(111-545-144; Jackson ImmunoResearch).

Primers. For RT-qPCR we used the following primers: TERF2IP-F:
CGGGGAACCACAGAATAAGA, TERF2IP-R: CTCAGGTGTGGGTGGATCAT, 36B4-F:

AACTCTGCATTCTCGCTTCCT, 36B4-R: ACTCGTTTGTACCCGTTGATG, p21CIPL.F:
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TGGTAGGAGACAGGAGACCT, p21CIP1.R:AATACTCCCCACATAGCCCG, LIG3-F: GAT CAC GTG

CCA CCT ACC TTG T, Lig3-R: GGC ATA GTC CAC ACA GAA CCG T, LIG4-F: CAC CTT GCG
TTT TCC ACG AA-3, LIG4-R: CAG ATG CCT TCC CCC TAA GTT G.

Primers used for telomere fusion assay: *21q1l: 5'-CTTGGTGTCGAGAGAGGTAG-3', *16p1: 5'-
TGGACTTCTCACTTCTAGGGCAG-3', *XpYpM: 5'-ACCAG GTTTTCCAGTGTGTT-3'. Primers for
generation of subtelomeric DNA probes: XpYpO: 5-CCTGTAACGCTGT TAGGTAC-3', XpYpG:
5'-AATTCCAGACACACTAGGACCCTGA-3’, 21qgseql: 5'-TGGTCTTATACACTGTGTTC -3',
21gsqlrev: 5'-AGCTAGCTATCTACTCTAACAGAGC-3', 16p2: 5'- TCACTGCTGTATCTCCCAGTG
-3', 16pseqlrev: 5'-GCTGGGTGAGCTTAGAGAGGAAAGC-3'.

Primers used for STELA: XpYpE2: TTGTCTCAGGGTCCTAGTG, telorette: TGCTCCGTGCAT
CTGGCATCTAACCCT, teltail: TGCTCCGTGCATCTGGCATC.

RNA extraction RT-qPCR. Total RNA was extracted following instructions of the RNeasy
Mini Kit (Qiagen), and then 1 ug of RNA was reverse transcribed into cDNA using the High-
Capacity RNA-to-cDNA kit (Thermo Scientific). Each gqPCR reaction contained 10x diluted
cDNA, 0.2 uM primers and SYBR green master mix (Roche, 4913914 001).

DNA extraction. Genomic DNA was extracted either by proteinase K, RNase A and phenol/
chloroform followed by ethanol precipitation (Sambrook, 1989) or following instructions of

DNA Blood and Tissue Kit (Qiagen).

Telomere fusion assay. We performed telomere fusion assay as described before (Capper R.
et al., 2007; Letsolo BT. et al., 2010) with some modifications. Shortly, genomic DNA was
digested with EcoRI (Promega), and accurate concentrations were measured using Qubit
fluorometer (Thermo Fisher Scientific). For each sample at least 16 PCR reactions were
performed using 50 ng of DNA per reaction, a mix of subtelomeric primers (21ql, 16pl,
XpYpM) 0,2 uM each and the FailSafe™ PCR System (Lucigen) under following conditions:
26 cycles of 94 °C for 15 s, 58 °C for 30 s, and 68 °C for 10 min. PCR products were resolved
on the 0,8 % agarose gel followed by southern blotting. Nylon membranes were hybridized
with the corresponding radioactively labeled (aP32 dCTP) subtelomeric probes and a DNA
ladder probe (SmartLadder MW-1700-10, Eurogentec), exposed and revealed on the Typhoon
FLA 9500 Phoshphorimager (GE Healthcare Life Sciences). Molecular size of each of the

93


https://www.gelifesciences.com/en/be/shop/typhoon-fla-9500-p-00190

bands was calculated by ImageQuant TL 8.1 software (GE Healthcare Life Sciences). Fusion
frequencies were estimated as the number of fused telomeres per genome (per 6pg of human

diploid genome for MRC-5 or per 10 pg of DNA for HeLa cells).

STELA. We performed STELA as it was described by Baird DM and colleagues (Baird DM. et
al.,, 2003) with some modifications. Shortly, total genomic DNA was digested with EcoRI,
quantified by Qubit fluorometer (Thermo Fisher Scientific). A ligase reaction was performed
with 10 ng DNA and telorette linker sequence by T4 DNA ligase. 250 pg of ligated DNA was
used for PCR with telomere-adjacent (XpYpE2) and teltail primers, and the
FailSafe™ PCR System (Lucigen). We cycled the reactions under the following conditions: 26
cycles of 94 °C for 15 s, 58 °C for 30 s, and 68 °C for 10 min. PCR products were resolved on
0,8% agarose gels followed by southern blotting. Hybridized membranes were exposed and
the signal detected on the Typhoon FLA 9500 (GE Healthcare Life Sciences). Analysis was
performed using the software designed by Lai and colleagues (Lai TP, Et al., 2017).

Teloblot. To measure telomere length we performed southern blot. Total DNA was digested
with Hinfl/Rsal (Promega), and 5 ug per sample were migrated on 1% agarose gels. After
transfer of DNA to the N+ Hybond membrane (GE Healthcare), each membrane was
hybridized with the telomeric DNA probe (purified 650-bp telomeric fragment) obtained by
random priming using the Klenow large fragment enzyme and radioactively labeled
(aP32) dCTP nucleotides. The signal was later revealed and analyzed using the Typhoon
FLA 9500 (GE Healthcare Life Sciences).

Telomere overhang assay. The overhang assay was performed as described by Benarroch-
Popivker et al., 2016 (Benarroch-Popivker et al., 2016). Briefly, 5 ug of genomic DNA from
HeLa cells were

digested with Hinfl and Rsal (Promega), and incubated with 0.2 pmoles of the
radioactively end-labeled single-stranded (CCCTAA)3 probe overnight at 50°C. Hybridized
samples were loaded into 0,9 % agarose gel and run at 6 V/cm for 75 min. The gel was then
dried on 3 MM paper for 4 hours at 40°C and exposed on a phosphorimager screen.
Telomere overhang signal was normalized to the total telomere signal, which was obtained by
hybridization of the denatured gel with the same probe as the native gel. Analysis was

performed using the Typhoon FLA 9500 (GE Healthcare Life Sciences).
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Western blotting. Protein extracts were obtained by lysis in ice-cold RIPA buffer for 30 min
followed by 30 min centrifugation at 4°C. 30 ug of proteins were separated on 4-20%
acrylamide gradient SDS gels (BioRad), transferred on Amersham Protran 0.45 um
nitrocellulose membranes (GE Healthcare Life Sciences) for 90 min at 300 mA. Further the
membranes were blocked in 5% skim milk in PBST buffer, and incubated thereafter with the
primary and secondary antibodies. Membranes were developed using the Luminata Forte

HRP substrate (Millipore) and exposed in the Fusion Solo apparatus (Vilbert Lourmat).

IF-FISH. Imunnofluorecence-FISH in MRC-5 cells and further analysis of the images were
performed as described in Mendez-Bermudez A. et al., 2018 (Mendez-Bermudez A. et al.,
2018). For FISH the following telomeric PNA probe was used: Cy3-0O-
CCCTAACCCTAACCCTAA. For measuring DDR we used anti-53BP1 antibody.

Metaphase chromosome analysis. To obtain chromosome spreads, HeLa cells, treated
selectively with BIBR1532 and doxycycline as described above, were arrested in metaphase
using 50 ng/ml colcemid (KaryoMAX, Invitrogen) for 2 hours at 37°C. Afterwards,
trypsinized cells were incubated with hypotonic solution (75 mM KCI) for 15 minutes at
37°C, fixed in ice-cold methanol : glacial acetic acid (3:1), and spread on slides. FISH with
the telomeric PNA probe was performed as described above. Stained metaphase
chromosomes were visualized on the Zeiss Axiovert Z2 epi-fluorescent microscope and

analyzed using the metasystem ISIS software.

Senescence-associated [-galactosidase (SA-B-gal) assay. We measured the percentage of
SA-B-B-gal positive cells to evaluate the percentage of senescent cells in culture. In order to

do so, we used the Senescence Detection Kit (Abcam) following manufacturer instructions.

Statistics. Statistical analysis was performed by means of Prism 5 software (GraphPad). For
comparison of two groups we used two-tailed Mann-Whitney U test, for multiple groups the
Kruskal-Wallis test was used. P-values < 0.05 were considered significant (* p < 0.01, **p <

0.001, ***p < 0.0001).
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Chapter 3

General discussion and future perspectives

In this manuscript, we presented the results obtained during the Thesis project on the
RAP1 role in telomere protection.

Here we report two independent scenarios where RAP1 takes over telomere
protection.

First, we mutated several lysines and arginines into alanines within the TRFH
domain of TRF2. This mutant, called Top-less, had impaired topological capabilities, such as
DNA wrapping and also affected t-loop formation (the number of t-loops was decreased in
comparison to the control). Since t-loops are natural barriers against DNA repair and DDR,
we further decided to explore how partial telomere deprotection, caused by Top-less, controls
NHEJ. As expected, we observed severe end-to-end fusions upon TRF2 knockdown. This
fusion phenotype can be rescued by overexpression of full-length TRF2 or Top-less. The
contribution of the work performed during the Thesis project was to show that Top-less in
combination with RAP1 inhibition did not rescue fusions. This finding suggested that
topological properties of TRF2, mediated by TRFH domain, are important in NHEJ control,
and when affected, can be backed up by RAP1.

Second, as the main work of the Thesis project, we explored how RAP1 protects
telomeres in senescent cells. In relation to this, the current model of different telomere states
has been proposed by Cesare and Karlseder [Cesare AJ. and Karlseder J., 2012]. In this
model, three different telomere states are described as an outcome either of TRF2
dysfunction or subsequent events during replicative senescence. The closed state, which can
be applied to young or dividing primary cells, is based on the discovery of t-loops that are
found on the chromosome extremities and serve as barriers to DNA damage [Griffith JD. et
al., 1999; Doksani Y. et al, 2013; Benarroch Popivker et al., 2016]. The intermediate state
exists due to the progressive telomere shortening when t-loops cannot be formed. It is
characterized by partial depletion of TRF2 and accumulation of DDR markers, such as
increase in TIFs. The last state is uncapped telomeres with no detectable TRF2 and excessive
DDR and chromosome fusions [Cesare JA. et al., 2012]. The intermediate state can be

applied to the cells that enter into replicative senescence, and the last state is an extreme case
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when telomeres experience a crisis or become so critically short that it leads to fusion [Cesare
JA. et al., 2013]. Importantly, telomeres in senescent cells do not fuse massively due to the
presence of TRF2 [Karlseder J. et al., 2002]. In addition, a recent study shows that linear
telomeres of mouse and Hela of an average length of 20 kb, that do not form t-loops due to
TRF2 downregulation, are sensitive to ATM activation, but yet can be protected from NHEJ
[Van Ly D. et al., 2018] in agreement with our precedent publication [Benarroch Popivker et
al., 2016]. However, in spite of all the evidence presented above, yet there is no experimental
proof of t-loop dynamics in senescent cells. It may be due to the fact that there are limitations
in detection and resolution of t-loops even by means of the most modern technics such as
super resolution microscopy. In addition, the role of human RAP1 in human replicative
senescent cells has not been addressed so far. For all these reasons, in the second project, we
focus on telomere protection of cells that experience progressive telomere shortening.

To overcome the limitation of ceased cell division in senescent cells, instead of
metaphase spread we decided to take advantage of the telomere fusion assay in order to
detect chromosome fusions. This assay relies on PCR with different subtelomeric probes. If
the fusion occurs between two different chromosome ends, it will be amplified in PCR
followed by Southern blotting of the PCR products. Among the advantages, this technique is
powerful enough to detect fusions originating from 22 different chromosome ends all at once
[Letsolo BT. et al., 2010]. It detects sister chromatid-type fusion when there has been a
deletion of at least one of the telomere repeat arrays creating an imperfect inverted repeat,
as well as fusion between heterologous chromosomes containing substantial arrays of head-
to-head telomere repeats [Capper R. et al., 2007]. The limitations of the assay are due to the
fact that it cannot detect 1) sister chromatid-type fusions that create perfect inverted repeats;
2) fusions that have substantial deletion of DNA material enough to hamper the binding of
one of the subtelomeric primers; 3) fusions involving chromosomes not covered by the
subtelomeric primers that are used.

We used telomere fusion assay to detect chromosome fusions in human primary
fibroblasts of different population doublings. We observed no or very few fusions in young
cells, a moderate increase in fusion frequency in pre-senescent dividing cells and
approximately 10-fold increase in senescence. Strikingly, senescent cells upon RAP1
knockdown demonstrated a further 2-fold increase in fusion frequency compared to the

control. This was not the case either for young or pre-senescent cells, indicating that the
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switch between RAP1-independent and RAP1-dependent telomere protection occurs during
replicative senescence.

Furthermore, we have assayed telomere uncapping by the TIF assay in all these
populations of cells. Similar to the results on fusion frequency, we observed a difference
between control and RAP1 knockdown only in senescent cells. Whether this DDR activation is
the cause or the consequence of the chromosome fusions that increased when RAPI is
dysfunctional, is clearly something that has to be investigated further. In mice, it was shown
that RAP1 was dispensable for repression of DDR, in particular, ATM pathway; however, in
the very same study, no chromosome fusions were detected when RAP1 was removed from
telomeres [Sfeir A. et al., 2010]. One can speculate that RAP1 dysfunction can affect TRF2
and trigger thus DDR. In human, TRF2 expression decreases in senescent cells, whereas RAP1
level is less affected [Fujita K. et al., 2010; Swanson MJ. et al., 2016] (this Thesis). But this
does not answer the question whether TRF2 or RAP1 binding to telomeres is decreased or
vice versa. In senescent yeast, Rapl re-localizes within the chromosome to modulate
expression of its target genes [Platt JM. et al., 2013; Ye J. et al., 2014], as in mouse when
telomeres get shorter in telomerase null cells [Martinez P, et al., 2016]. Human RAP1 binds to
telomeres through interaction with TRF2, and they together form a stable complex [Li B. et
al., 2000]. On the other hand, human RAP1 can bind telomeric repeats independently, but
with low affinity [Arat N. and Griffith JD., 2012]. Notably, RAP1 may be necessary for more
accurate and selective TRF2 recognition of telomeric DNA [Janouskova E. et al., 2015]. In
the future, we aim to investigate the binding of both TRF2 and RAP1 to telomeres in young
and senescent cells by means of chromatin immunoprecipitation (ChIP) or immuno-
fluorescence FISH with specific antibodies and telomere probes.

To dissect the anti-fusion mechanisms of human RAP1, we used HeLa cells with
doxycycline-inducible RAP1 knockout alleles [Kim H. et al., 2017]. We treated these cells
with the telomerase inhibitor BIBR1532 to trigger telomere shortening and observed again
increase in the fusion frequency when RAP1 expression was diminished. Later, we found that
chromosome fusions upon RAP1 knockout appear through c-NHEJ. Notably, we demonstrated
that RAP1 removal neither triggers a decrease of the average telomere length or increases the
number of critically short telomeres or promotes telomere 3'-overhang shortening and
telomere loss. Therefore, fusions cannot be simply explained by telomere changes only.

It has been shown before that many fusion events involved chromosome ends with no

detectable telomere sequences [Capper R. et al., 2007]. For instance, the fusions we detected
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using the PCR-based method in this work suggest that the fusions involve chromosome ends
with no telomeres or even more with DNA loss extending to the subtelomeric region. In order
to characterize the type of fusions and to determine the exact sequence loss at the time of the
fusion, we are going to sequence them either by classical Sanger sequencing or using a novel
approach to generate long read sequencing.

In search of mechanisms that drive fusion phenotype, we decided to use a genetic
approach. We aim to decipher which domains of human RAP1 may be important for
prevention of c-NHEJ. To do so, we designed several truncation mutants of human RAP1
(Figure 11), which lack separate domains or have a point mutation as the RAP1 mutant
F336R (a mutation in the binding site of TRF2). We have done the first cell culture trial to
check the expression of these mutants in HeLa (Figure 11). Therefore, in the future, we will
perform the telomere fusion assay in HeLa expressing different RAP1 mutants.

Among the future work is the search for potential interactors of RAP1 that can
contribute to the fusion phenotype besides TRF2. It was reported previously that human
RAP1 can interact with several proteins. For instance, immunoprecipitation of endogenous
RAP1 from HelLa cell nuclear extracts was able to specifically pull down TRF2, Ku86, Rad50,
and RAP1[O'Connor MS. et al., 2004]. Ku86 and Rad50 are DNA repair proteins, which
makes them appealing targets to test in regard to RAP1. Interestingly, the level of KU declines
during replicative senescence [Seluanov A. et al., 2007].

Additionally, RAP1 has been shown to interact with Sunl, which is a member of the
LINC complex (Linker of Nucleoskeleton and Cytoskeleton) that bridges inner and outer
membranes of the nuclear envelope [Crabbe L. et al., 2012]. Sun domain proteins have been
involved in the tethering of telomeres to the nuclear envelope in yeast [Bupp JM. et al.,
2007]. Remarkably, numerous studies have demonstrated that DSBs are targeted to the
nuclear periphery for the repair [Oza P and Peterson CL., 2010]. In this regard, yeast Mps3, a
member of the Sun domain protein family, plays a central role in connecting peripheral
localization, DSB repair and telomeres [Schober H. et al., 2009; Oza P, et al., 2009; Oza P and
Peterson CL., 2010]. Therefore, a possible scenario is that upon inhibition of human RAP1 in

senescent cells telomeres become more mobile and prone to fusions.
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Figure 11. Human RAP1 mutants used in the study. A. A graphical representation of the
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of different mutants in HeLa cells.
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Other important questions remain to be answered in the context of RAP1 and
replicative senescence. Just to name a few:

1. Which chromosomes tend to fuse more often than others upon RAP1 inhibition?

2. What is the exact mechanism of cell death observed in post-senescent RAP1-deficient
cells?

3. Does the observed fusion phenotype apply only to replicative senescence or is it
universal for senescent cells?
Altogether, we have obtained the first evidence that senescent cells switch from RAPI1-

independent to RAP1-dependent mode of telomere protection.
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SUMMARY

Hard-to-replicate regions of chromosomes (e.g., peri-
centromeres, centromeres, and telomeres) impede
replication fork progression, eventually leading, in
the event of replication stress, to chromosome
fragility, aging, and cancer. Our knowledge of the
mechanisms controlling the stability of these regions
is essentially limited to telomeres, where fragility
is counteracted by the shelterin proteins. Here we
showthatthe shelterinsubunit TRF2 ensuresprogres-
sion of the replication fork through pericentromeric
heterochromatin, but not centromeric chromatin. In
a process involving its N-terminal basic domain,
TRF2 binds to pericentromeric Satellite Il sequences
during S phase, allowing the recruitment of the G-
quadruplex-resolving helicase RTEL1 to facilitate
fork progression. We also show that TRF2 is required
for the stability of other heterochromatic regions
localized throughout the genome, paving the way for
future research on heterochromatic replication and
its relationship with aging and cancer.

INTRODUCTION

Certainregions of our genome are particularly hard to replicate
and, therefore, impede replication fork progression, generating
chromosome fragility under conditions of replication stress (Cor-

()|

tez,2015;Nikolovand Taddei, 2016).Suchregionsinclude telo-
meres (Mart'nez et al., 2009; Miller et al., 2006; Sfeir et al., 2009),
heterochromatin, centromeres (Aze etal.,2016; Dengetal.,
2012; Sullivan and Karpen, 2004), an heterogeneous group of
chromosomal loci comprising common fragile sites (Le Tallec
etal., 2014), and various repetitive sequences (Usdin et al.,
2015).0urknowledge of the molecular mechanisms underlying
the instability of hard-toreplicate regions remains limited. The
prevailing view is that their compaction triggers fork stalling
(Azeetal.,2016;Nikolovand Taddei,2016). Composed of G-
richrepetitive DNArepeats, telomeresareboundtotheend-pro-
tectiveproteincomplexshelterin(deLange,2005)andpackaged
into a particulartype of chromatin that can fold into unusual
structures (Gilson and Géli, 2007). Of the various shelterin sub-
units, telomeric repeat-binding factor 1 (TRF1) and TRF2 bind
to telomeric DNA duplexes whereas POT1 binds to single-
stranded regions (Giraud-Panis et al., 2013).
Interestingly, TRF1 and TRF2 play distinctroles in counteract-
ing telomere fragility. TRF1 prevents replication fork stalling, ATR
activation, and telomere fragility by recruiting the Bloom helicase
(BLM), most likely toremove secondary structures formed by the
Gichstrand of telomeres (Zimmermannetal.,2014). TRF1 also
protects the interstitial telomeric sequence (ITS) at 2q14 from
instability generated by replicative stress (Bosco and de Lange,
2012). However, the stability of other ITSs is not controlled by
TRF1,suggesting thatthe effect of TRF1on 2q14is probably
due to its particularly long telomeric DNA sequence resulting
from an ancestral telomere fusion that gave rise to chromo-
some 2.0ntheotherhand, TRF2 isinvolvedintheresolution
of topological problems caused by replication fork progression
through telomeric chromatin (Ye et al., 2010). Data suggest
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Figure 1. TRF2 Protects Pericentromeres against DNA Damage

(A) Immunofluorescence detection of 53BP1 (green) combined with FISH probes staining telomeres (TIFs), Satlll (PIFs), or centromeres (CIFs) (red) in BJ-HELT
cellstransfected withtheindicated siRNAs for 72 hr. The percentage of mRNA inhibition, estimated by RT-qPCR of three biological replicates, was TERF2 =85%;
TERF1 =78%, and POT1 = 86%. Error bars indicate SEM of three biological replicates.

(B) PIFs of HeLa cells incubated with doxycycline (DOX) for 5 days to induce shTRF2 expression. Cells were transduced for 6 days with either an empty vector
control or the fulldength TRF2 protein.

(C) ChIP analysis of HeLa cells with TRF2 downregulation. Cells were incubated with DOX for 5 days to induce shTRF2 expression. The immunoprecipitate
obtained with TRF2, gH2AX antibodies, and IgG control were spotted onto slot blots and hybridized with either telomeric, Satlll (composed of 106 bp TTCCA
repeatedsequence), orcentromericprobes. Quantificationofthreeindependentexperimentsisshown. Statisticalanalyseswere performed usingunpaired two-
tailed t test (*p <0.05, **p <0.001, ***p <0.0001).

(D) Graphs showing the percentage of Satlll FISH signal staining with phospho-ATM (ser1981) or the replication protein A (RPA) antibodies in MRCS primary cell
line. The mean number of pATM and RPA per nucleusis shown on the right panel. siRNAs were incubated for 72 hrwhile hydroxyurea (HU; 1.5 mM) was added to
the culture for 24 hr.

(legend continued on next page)
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that TRF2 mayactasatopological stress sensor,recognizing
positive DNA supercoiling generated during telomeric replication
(Amiardetal.,2007; Benarroch-Popivkeretal.,2016;Gilson and
Geli, 2007; Poulet et al., 2012; Ye et al., 2010). Moreover, TRF2
specifically binds to several structural features of stalled forks,
particularly three- and four-way DNA junctions (Fouche et al.,
2006; Poulet et al., 2009; Saint-Léger et al., 2014). Overall,
TRF1 and TRF2 seem to work independently when dealing
with replication problems caused by the peculiarities of telo-
meric chromatin: TRF1 prevents “classical’” fork stalling and
ATRsignaling,and TRF2 manages specifictopological problems
caused by telomericreplication.

In this study, we explore whether shelterin proteins execute
general functions outside telomeres to stabilize hard-toreplicate
regions. We studied the effects of TRF1, TRF2, and POT1 down-
regulation on pericentromeric and centromeric stability. We
found that TRF2 is specifically required for replication fork pro-
gression through pericentromeres and to ensure genome-wide
heterochromatic stability.

RESULTS

TRF2 Is Required for Pericentromeric Stability

Toinvestigate the putative role played by shelterinsin the stabil-
ity of pericentromeres and centromeres, we knocked down the
expression levels of three key shelterin subunits (TRF1, TRF2,
and POT1) in a human immortalized fibroblast cell line (BJ-
HELT). We then scored the co-docalizations of p53-binding pro-
tein 1(53BP1),aDNAdamage response (DDR) protein, and three
PNAprobes hybridizing, respectively, tothe DNA of telomericre-
peats (5'-TTAGGG), pericentromeric Satellite Il (Satlll) repeats
(5'-TGGAA,; see Figure S1A), and centromeric alphoid repeats.
The co-ocalization events were termed TIFs, PIFs, or CIFs (telo-
mere, pericentromere, or centromere dysfunction-induced foci,
respectively). As expected (Takai et al., 2003), downregulation
of TRF1, TRF2,and POT1 upon specificsmallinterfering RNA
(siRNA)transfectionincreasedthe frequency of TIFs (Figure 1A),
and downregulation of TRF1 increased the number of multiple
telomeric signals (MTSs) (Figure S1B). However, only TRF2
downregulation (70% protein inhibition; Figure S1C) increased
the frequency of PIFs, and none of the genetic downregulations
mentionedabove changed CIFnumbers (Figure 1A).Increasesin
PIF frequency were also evident in TRF2-compromised primary
fibroblasts (Figure S1D)andinHeLacells, inwhich an shRNA tar-
geting TERF2 mRNA was induced by doxycycline (DOX) (Groli-
mund etal.,2013), leading to 90% reduction in TRF2 protein
expression (Figure 1B) without overt alteration of the cell cycle
(Figure S1E). Notably, the increase in the number of pericentro-
meric damages caused by DOX was rescued by ectopic expres-
sionof TRF2, rulingoutanoff-targeteffectoftheinterferingRNA

(Figure 1B). The pericentromeric damages caused by TRF2
downregulation canalso be observedin chromatinimmunopre-
cipitation (ChIP) experiments using gH2AX antibodies and per-
formed in Hela cells treated with DOX (Figure 1C). Although
weaker than telomeric damage, pericentromeric damage was
specific to these regions since a centromeric probe yielded no
signalabove backgroundlevel(Figure 1C). Overall, theseresults
unequivocally showthat TRF2, but not TRF1 or POT1, knock-
down specifically triggers pericentromeric damage.

Next, we identified the pericentromeric DDR pathway in-
hibited by TRF2 by scoring co-ocalizations of the Satlll repeat
PNA probe, the activated (phosphorylated) form of the ataxia
telangiectasia mutated kinase (pATM), and the replication pro-
tein A(RPA) (amarkerofthe ATR signaling pathway). Primary
fibroblast cells, transfected with a siRNA targeting TERF2, ex-
hibited an increased association of pATM (but not RPA) with
pericentromeres (monitored as Satlll foci) (Figure 1D; Fig-
ure S1F). Control hydroxyurea-treated cells exhibited increased
levels of pATM and RPA both at pericentromeres and
throughout the genome (Figure 1D). Next, we asked whether
ATM was responsible for the pericentromeric damages trig-
gered by TRF2 downregulation. Inhibition of ATM expression
(either bytreating cellswithKU-55933, a specificinhibitor of
ATM, or by downregulating ATM expression usingspecific
siRNAs) suppressed PIF formation in TRF2-compromised cells
(Figure 1E; Figures S1G and S1H). In agreement with the
observed absence of ATR pathway activation at pericentro-
meres in these conditions, ATR inhibition (using the specific
ATR inhibitor VE-821 or specific siRNAs) did not abolish PIF
formation in TRF2-compromised cells (Figure 1E; Figures S1G
and S1H).We concludethat TRF2 downregulation triggersan
ATM-dependent DDR pathway at pericentromeres.

Since ATM is activated at double-stranded DNA breaks, we
askedwhetherthe pericentromericdamageswere caused by
breakage of dicentric chromosomes formed via telomeric fu-
sions, even though the PIF assays were performed 5 days after
DOXinduction, ata time where no fusions were detectable (Fig-
ure 1F). We found that prevention of telomere fusions by down-
regulating DNA ligase 4 (Smogorzewska and de Lange, 2002;
van Steensel et al., 1998) (Figure 1F; Figure S1I) did not inhibit
PIF formation (Figure 1G). We conclude that the pericentromeric
damages caused by TRF2 downregulation cannot be merely ex-
plained by telomere fusion and dicentricchromosome breakage.

In summary, TRF2 prevents ATM activation at pericentro-
meres, encouraging us to explore how TRF2 impacted pericen-
tromeric stability.

Unconventional Binding of TRF2 to Pericentromeres
TRF2 associated specifically with pericentromeric chromatin,
as revealed by ChIP experiments followed by slot blotting

(E) PIFs from HeLa cells with (+DOX) or without ( DOX) TRF2 depletion for 5 days. One day before harvesting, ATM or ATR was inhibited using either KU-55933

(10 mM for 24 hr) or VE-821 (10 mM for 24 hr), respectively.

(F) Percentage of telomere fusions after 5 or 7 days of TRF2 downregulation in HelLa cells. Cells were transfected with two different siRNAs against LIG4 or an

siControl (***p <0.0001; Mann-Whitney U test).
(G) PIFs (left) and TIFs (right) analysis of the conditions described in (F).

Forall IFFISH experimentsinthisfigure, approximately 40 nucleiwere analyzed perreplicate. SEMs of three biological replicates are shown. Statistical analyses
were performed using Mann-Whitney U test (*p <0.05, **p <0.001, ***p <0.0001).
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Figure 2. TRF2 Binds Pericentromeres in a
Non-classical Way

(A) Binding of TRF2-Satlll-of Triton X-100-treated
cells.

(B) Quantification and representative IFFISH im-
ages of associations between TRF2 (green), Satlll
(red), and telomeres (purple) in BJ HELT cells.
(C) Relevant TRF2 domains. TRF2 contains a NH,-
terminal basic domain that recognizesbranched
DNA structures (B domain). Within the homo-
dimerization domain (TRFH), the DNA wrapping
property of TRF2 is found. The nuclear localization
signal (NLS) and the platform for shelterin protein-
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with aSatlll probe (Figure 1C), qPCR of pericentromeric DNA se-
quences(FiguresS2Aand S2B),and microscopyassays moni-
toring the codocalization of TRF2 with Satlll PNAfoci (Figure 2A).
Theassociation of TRF2 to pericentromereswasweakerthan
that at telomeres; however, we could not detect any TRF2 asso-
ciationatcentromeres (Figure 1C; seealsoFigure S2A), showing
that TRF2-pericentromere interaction is specific. When Triton
X-100was used to remove soluble and weakly bound chromatin
proteins(Martinietal., 1998), TRF2 signalatSatlll fociincreased,
indicating that TRF2 was tightly bound to pericentromeric
chromatin (Figure 2A). We ruled out the possibility that the
TRF2-Satlll associations were dependent on TRF2 binding to
telomeres because 90% of TRF2-Satlll codocalized foci ex-
hibited no obvious telomeric signals (Figure 2B).
Theassociation of TRF2 with pericentromereswas distinct
from that of telomeric binding since purified TRF2 did not bind
toSatllIDNAinaDNAsequence-specificmanner(FigureS2C).

452 MolecularCell70,449-461,May 3,2018

The Myb/telobox domain found at the C-terminal
end (M domain) is required fortelomere-specific
binding.

(D) ChIP analysis of BJ-HELT cells transduced for
5 days with lentiviruses containing the fulldength
Myc-tag TRF2 protein or truncated mutant forms.
ChIPwas performed with an anti-Myc antibody,
andthelPenrichmentwasvisualized with aSatlll
probe (left) or a telomeric probe (right). Error bars
represent SEM of two biological replicates.
Blackstarsshowthesignificanceascomparedto
the TRF2 conditionwhilered starsareinrelation
to the empty condition (*p <0.05, **p <0.001,
**¥p <0.0001; one-way ANOVA).

(E) PIFs (left) and TIFs (right) of HeLa cells trans-
duced with TRF2 mutant lentivirus for 5 days.
Endogenous TRF2 was downregulated by the
addition of doxycycline (+DOX) 3 days before cell
fixation.
Forallmicroscopyanalysisdisplayedinthisfigure,
error bars show SEMs of n = 3. Statistical ana-
lyses were performed using Mann-Whitney U test
(*p <0.05, **p <0.001, ***p <0.0001).

Next, we setto identify the TRF2 domains

(schematically summarized in Figure 2C)

required for pericentromeric binding.

In agreement with an unconventional

binding of TRF2 to pericentromeres, the

absence of the Myb/telobox DNA-bind-
ing domain (TRF2™") only moderately affected TRF2-Satlll as-
sociations as revealed by ChIP while, as expected, it totally
abolished telomeric DNA binding (Figure 2D; Figures S2D and
S2E). Conversely, two TRF2 alleles that normally bind telomeric
DNA sequences, one lacking the basic N-terminal domain
(TRF20%; Figure 2C) and one that is impaired in the amino
acid of the TRFH domain required for positively supercoiled
DNA binding (the “Top-ess’ allele) (Benarroch-Popivker et al.,
2016), were more defective in Satlll than in telomeric associa-
tion (Figure 2D; Figures S2D and S2E). From comparisons be-
tween the effects of TRF2, i.e., an impaired binding and dam-
ages at pericentromeres, but not at telomeres, and TRF20™, i.e.,
an impaired binding and damage at telomeres, but not at
pericentromeres, one can deduce that the telomeric and peri-
centromeric functions of TRF2 are genetically separated in the
TRF20® and TRF20 alleles (compare both panels of Figures
2D and 2E).
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Figure 3. TRF2Bindingto Pericentromeres Increases upon Replica-
tion and Topological Stress

(A) BJ-HELT cellswere transfected with three different RNAi sequences per
target gene for 72 hr. In this figure, downregulation of one RNAI target
sequence (see Figure S3A for other 2 target sequences) and cells treated with
sub-ethal doses of TSA, ICRF-193 (3 mg/mL), hydroxyurea (HU; 1.5 mM), and
aphidicolin (300 nM) for 24 hr are shown. Graphs represent the percentage of
SatlllPNAsignal associationswith TRF2 (top) or 53BP1(PIFs; bottom).Only
transfections resulting in >75% inhibition verified by qPCR were used.
Approximately 40 nuclei were analyzed per replicate. Error bars indicate SEM
of n =3.

(B) Quantification and representative IFFISH images of TRF2 (green) and Satlll
(red) codocalizationinthe presence of 5-ethynyl-2°-deoxyuridine (EdU; 10mM
for 2 hr) in BJHELTcells.

Statistical analyseswere performed using Mann-Whitney U test (*p <0.05,
**p <0.001, ***p <0.0001).

TRF2-Pericentromere Association Requires
Heterochromatin

As pericentromeres constitute the largest part of constitu-
tive heterochromatin, we explored whether the TRF2-Satll|
association was modulated by key genes involved in hetero-
chromatin formation. We found that downregulation of the
histone methyltransferases SUV39H1 and G9a, responsible

for the methylation of Lys-9 of histone H3, promoted TRF2
dissociation from pericentromeres but not from telomeres (Fig-
ure 3A; Figures S3A and S3B). The same effect was observed
after treatment with trichostatin A (TSA), an inhibitor of histone
deacetylases | and Il that reduces H3K9me3 formation (Fig-
ure 3A). Conversely, reduced TRF2 expression did not change
the number of H3K9me3 marks on pericentromeric or telo-
meric chromatin (Figure S3C), indicating that TRF2 was not
involved in heterochromatin formation. When the level of het-
erochromatin was reduced, the decreased binding of TRF2
to pericentromeres did not trigger pericentromeric damages
(Figure 3A), suggesting that TRF2 binds to and protects peri-
centromeres from DNA damage caused by the presence of
heterochromatin.

TRF2 Associates with Pericentromeres during S Phase
The extentofassociation of TRF2 with pericentromeres, but not
telomeres, increased in EdU-positive cells (Figure 3B) and at the
late S/G2 phase (when pericentromeric DNA replicates) (Fig-
ure S3D), suggesting that TRF2 was involved in pericentromeric
replication. Indeed, sub-ethal doses of hydroxyurea (HU)/
aphidicolin leading to replication alteration increased TRF2
recruitment by pericentromeres and PIF number (Figure 3A).
Notably, the latter effect was rescued by TRF2 overexpression
(Figure S3E).

Further evidence of a role for TRF2 in pericentromeric repli-
cationwas provided by the observation that downregulation
of genes encoding topoisomerases and helicases (TOP1,
TOPIlla, TOPIlIb, BLM, WRN, and RTEL1), or treatment with
the topoisomerase Il inhibitor ICRF-193, increased the numbers
of TRF2-Satlll foci and PIFs (Figure 3A; Figure S3A). Under
such conditions, no obvious change in the number of TRF2-
telomeric foci (Figure S3B) was observed, and only TOPIla,
BLM, and RTEL1 protected telomeres from damage (Fig-
ure S3F), confirming the distinct roles played by TRF2 at telo-
meres and pericentromeres.

TRF2 Assists Replication Fork Progression through
Pericentromeres

Next, we explored how TRF2 prevents pericentromeric replica-
tivedamage.WefirstfoundthatBrdUincorporationinSphase
was delayed after TRF2 downregulation at Satlll DNA but not
at other DNA repeat-containing regions, such as alphoid or
Alu repeats (Figures S4A and S4B). Second, DNA combing
experiments coupled with PNA hybridization were used to spe-
cifically analyze pericentromeric and centromeric fibers sepa-
rately from bulk fibers. We found that TRF2 depletion reduced
thereplication speed of pericentromericfibers, identified as
large regions of Satlll PNA hybridization (from 0.78 kilobase
pairs [kb]/min to 0.66 kb/min) but not those of centromeric or
bulk DNA fibers (Figure 4A; Figure S4C). Notably, in control
cells, the replication speed of the pericentromeric and centro-
meric fibers was approximately 20% slower than those of bulk
DNA fibers, confirming that the former regions are hard to
replicate (Figure 4A). In agreement with the absence of any
role for TRF1 in pericentromeric stability (Figure 1A), TRF1
downregulation did not slow the replication speed of pericen-
tromeric fibers (Figure S5A).
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Figure 4. TRF2 Facilitates Pericentromere
Replication

(A) Representative fibers of newlysynthesized
DNA labeled with iododeoxyuridine (green) and
chlorodeoxyuridine (red) for 30 min in Hela cells
with (+DOX) or without ( DOX) TRF2 depletion.
DNA staining and Satlll PNA probe signals
are shown in blue for better visualization (left).
Quantification of fork speed is shown for Satlll,
centromere, and global DNA replication (right). The
number of fibers analyzed is indicated in paren-
theses. Raw image data can be accessed through
https://doi.org/10.17632/zjvptr88c2.1.
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We also calculated the level of fork asymmetry reflecting the
extent of fork stalling (Figure S4C). After TRF2 downregulation,
fork asymmetry increased in pericentromeric fibers but not in
either centromeric fibers or TRF1-depleted cells (Figure 4B; Fig-
ure S5B). Notably, a slight but significant increase in fork asym-
metryin terms of bulk replication was evident upon TRF2 deple-
tion, suggesting that TRF2 might preventfork stallingatregions
otherthan pericentromeres (Figure 4B). These results, together
with the preferred TRF2-pericentromere association in S phase
(Figure 3B), indicate that TRF2 acts at a subset of forks that
are experiencingdifficulties in progression through pericentro-
mericheterochromatin, ahypothesis consistentwith the signifi-
cantenrichment of TRF2 in newly replicated DNA (Alabertetal.,
2014) and at HU-arrested replication forks (Dungrawala et al.,
2015). The normal pericentromeric replication speed was
restored upon expression of wild-type TRF2, ruling out an off-
target effect of the shRNA against TERF2 (Figure 4C).

We next explored whether the two separation-of-function
TRF2 mutants TRF20" and TRF2P® protected pericentromeres
from replication defects. We found that TRF20", but not TRF20%,
rescued the pericentromeric replication defects of TRF2-
compromised cells. Such behaviorisin complete agreement
withthedistinctabilities ofthetwomutantstobindtoandprotect
pericentromeres from damage (Figure 2E), again emphasizing
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Overall, these results show that TRF2
specifically assists replication fork pro-
gression through pericentromeres and
that the abilities of TRF2 to bind to and
protect pericentromeres, and to facilitate their replication, are
mechanistically linked.

TRF2-Mediated ATM Inhibition Partially Assists
Pericentromere Replication

We nextexplored how TRF2 facilitated replication fork progres-
sion through pericentromeres. As ATR signaling is required for
replication fork progression throughout the genome (T¢cher
et al., 2016), we investigated the putative contribution of this
kinase to TRF2-dependent pericentromeric replication control.
As expected (Técher et al., 2016), ATR inhibition by VE-821
decreased the global replication speed, and this effect was
accentuated at pericentromeres when TRF2 was depleted (Fig-
ure S5D), indicating that ATR and TRF2 played independent
roles during pericentromeric replication, in agreement with the
absence of ATR signaling at pericentromeres after TRF2 deple-
tion (Figure 1D).

Since TRF2 prevents ATM activation at both telomeres
(Denchi and de Lange, 2007) and pericentromeres (Figure 1D),
we next asked whether such TRF2-dependent ATM attenua-
tion facilitated pericentromeric replication. We observed no
changeinthe speed of globalreplication afteraddition of the
ATM inhibitor KU-55933 (Figure S5D). The pericentromeric
replication speed was partially rescued upon ATM inhibition in
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(A)RTEL1 ChIP experiments in HelLa cells with (+DOX) or without ( DOX) TRF2 knockdown. Slot blot membranes were hybridized with Satlll radioactive probe,
stripped, and re-hybridized with a telomeric probe. Error bars represent SEMs of three independent experiments (**p <0.001, two-tailed Student’s t test).

(B) PIF (left)and TIF (right) quantification performed in HeLa cells with TRF2 inhibition (+DOX) for 4 days. Transfection with siRTEL1 or control was performed for
3 days. Error bars show SEM of n =3 (*p <0.05, ***p <0.0001, using Mann-Whitney U test).

(Cand D) Replication fork speed (C) and fork asymmetry (D) assessed by DNA combing in Hela cells transfected with siRTEL1 for 72 hr and TRF2 depletion as
indicated above. The number of fibers analyzed forSatllland global DNA replication are indicated in parentheses. Bars show the median interquartile range of
n = 2. Statistical analyses were performed using Mann-Whitney U test (**p <0.001, ***p <0.0001).

TRF2-compromised cells (Figure S5D). This indicates that, even
ifthe ATM inhibition plays arole in pericentromeric replication,
other TRF2 functions are required to assist fork progression
through pericentromeric chromatin.

TRF2 Assists Pericentromeric Replication by

Recruiting RTEL1

The fact that both TRF2 recruitment and the number of PIFs
increased upon downregulation of the helicase RTEL1 (Fig-
ure 3A), which is known to interact with TRF2 (Sarek et al.,
2015) and to be involved in fork progression (Vannier et al.,
2012),suggested that TRF2 played arole in pericentromeric
replicationbyrecruitingthishelicasetostalledforks.ChlPexper-
iments revealed that RTEL1 binding to pericentromeres was
TRF2 dependent (Figure 5A). On the other hand, localization of
RTEL1 to telomereswas TRF2 independent, which appeared
to contradict data of a previous study (Sarek et al., 2015).
However, TRF2 at telomeres binds to RTEL1 only transiently

during the cell cycle (Sarek et al., 2015); the interaction may
thus be undetectable in unsynchronized cells. Pericentromeric
damages increased upon RTEL1 downregulation at a similar
extentthanin TRF2-compromised cells (Figure 5B). In contrast,
telomeric damages were much higher after TRF2 depletion
than after RTEL1 downregulation (Figure 5B),emphasizing
again the different roles played by TRF2 at telomeres and
pericentromeres.

We used DNA combing to directly assess the contribution of
RTEL1 to pericentromeric replication. We found that RTEL1
downregulation reduced pericentromeric fork speed (to 0.63
kb/min versus the 0.90 kb/min of the control) (Figure 5C). Impor-
tantly, thisreductionwas similartothatobserved when TRF2
was depleted (0.69 kb/min) orupon TRF2 and RTEL1 double
downregulation (0.62 kb/min). Similarly, the extent of fork asym-
metry after RTEL1 depletionincreasedto the level detected after
TRF2 knockdownorinthedoubleRTEL1and TRF2 downregu-
lations (Figure 5D). As expected, RTEL1 reduction slowed the
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global replication fork speed and increased fork asymmetry
(Vannieretal., 2012) (Figures 5C and 5D).

Overall, our results showed that TRF2 and RTEL1 acted
togetherto protect pericentromeres from damages and impair-
ment of fork progression.

G-Quadruplexes Impair Replication Fork Progression at
Pericentromeres

Given that G-quadruplexes (G4s) are enriched in the pericentro-
mericareaof chromosome 9 (Hendersonetal., 2014), thatSatlll
DNArepeats can pairtoform stable purine-rich duplexes similar
to G4 structures (Zhuetal., 1996), and that RTEL1 can unfold G4
structures (Vannieretal., 2012), we hypothesized that pericen-
tromeresformedarrays of G4 orG4ike structures thatimpaired
replication fork progression.

We first asked whether stabilization of G4 formation would
increase the binding of TRF2 to pericentromeres. Indeed, treat-
ment of cells with the G4 ligands Phen-DC3 and Phen-DC6,
two bisquinoliniums exhibiting strong G4 selectivity and stabili-
zation (De Cian et al., 2007), increased TRF2 recruitment at
pericentromeres. No further increase was evident upon RTEL1
downregulation (Figure 6A), suggesting that G4 ligands and
RTEL1 depletion act similarly when mediating TRF2-pericentro-
mere association.

Both G4 ligands increased pericentromeric damage when
added to control, TRF2~ or RTEL1-compromised cells (Fig-
ure6B),indicatingthatG4sconstituteathreattopericentromeric
integrity. We nexttreated cellswith Phen-DC3 and measured the
replication speed via DNA combing. Pericentromeric fork speed
decreased specifically in cells treated with Phen-DC3, and this
was slightly accentuated by TRF2 downregulation (Figure 6C).
Similarly, fork asymmetry increased specifically at pericentro-
meresinPhen-DC3-treatedcells (Figure 6D). Therefore, pericen-
tromeric G4s opposed normal fork progression, triggering fork
stalling. In the hypothesis that TRF2 and RTEL1 are required to
resolve pericentromeric G4s, thus allowing forks toprogress,
one would expect that the G4 signal increased after TRF2 or
RTEL1depletion. Toassay G4 formation at pericentromeres,
we used the monoclonal 1H6 antibody that was previously
shown to bind abundantly to pericentromeres of chromosome 9
andthatrecognizes G4 and G4ike structures (Hendersonetal.,
2014). As expected, we observed that the antibody labeled
pericentromeres (Figure 6E). Importantly, such labeling was
accentuated after TRF2 or RTEL1 downregulation (Figure 6E),
showingthat TRF2 and RTEL1 negativelyregulated the levels
of G4 or G44ike structures at pericentromeres.

TRF2 Can Be Recruited to an Artificial Fork Block

We next asked whether TRF2 could be recruited to stalled forks
inanotherhard-toreplicate chromatinregion featuringastrong
interaction between Lacl-GFP and a LacO DNA repeat array
(Beuzeretal.,2014)(Figure 7A).Wefoundthat TRF2 codocalized
with Lacl-GFP in 20% of replicating cells but only in 5% of
non-replicating cells. To closely mimic the heterochromatic
environment, we created a Lacl-GFP construct fused to hetero-
chromatin protein la(Lacl-HP1a-GFP).Recruitmentof TRF2 to
Lacl-HP1a-GFP foci increased to 32% in EdU-positive cells,
but the extent of coHocalization was only 9% in non—replicating
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cells (Figure 7A). As expected, DDR activation was evident at
the LacO array of cells transfected with Lacl-GFP-or Lacl-
HP1la-GFP-expressing plasmids (Figures S6A and S6B). Similar
to the association of TRF2 with Satlll, the recruitment of TRF2 to
Lacl-GFP foci was telomere independent (Figure S6C). We
conclude that TRF2 can be recruited to an artificial replication
fork block that is not at pericentromeres.

TRF2IsRequired for Genome-wide Heterochromatin
Replication

The above results, as well as the genome-wide increase in fork
asymmetry triggered by TRF2 downregulation (Figure 4B), sug-
gested that TRF2 might be active at hard-to-replicate regions
other than pericentromeres. Thus, we asked whether TRF2
played a more general role in genomic stability. ChIP-seq exper-
iments performed on BJ-HELT cells revealed that reduced TRF2
expression triggered gH2AX enrichment at both telomeric and
Satlll repeats (Figure 7B; Figures S7A and S7B), thus confirming
the results shownin Figure 1. In addition, several chromosomal
arm regions, damaged upon TRF2 knockdown, correlated with
H3K9me3-enriched regions as revealed by ChIP-seq experi-
ments performed in the same cell line (p =0.72; Pearson’s anal-
ysis) (Figure 7B; Figure S7B). The heterochromatin nature of the
regions protected by TRF2 was confirmed by ENCODE data
(Figures S7C and S7D). We conclude that TRF2 is required to
protect heterochromatin not only at pericentromeres, but also
at heterochromatin area throughout the genome.

DISCUSSION

This work unveils a direct and specific role of the telomeric
protein TRF2 in replication fork progression through pericentro-
meres and therefore in their protection. Indeed, TRF2 binds
pericentromeres during S phase, and TRF2-compomised cells
exhibited a reduced fork progression and damages at pericen-
tromeres but neither at centromeres nor globally throughout
the genome. The other telomeric protein, TRF1, part of the
same shelterin complex than TRF2 at telomeres, had no
apparent effect on pericentromeric replication.
Anintriguing aspect of this study is the specific binding of
TRF2 to pericentromeres (e.g., Figure 1C), which cannot be
merely explained by telomere-pericentromere interactions (Fig-
ure 2B),aSatllIDNA sequence-specificbinding, oraloose as-
sociation of TRF2 with chromatin, asitisresistantto Triton X-
100 extraction (Figure 1A). The fact that TRF2 binding to peri-
centromeresislowerthantotelomeres(seeFigure 1C) hasto
be interpreted in the light of the different binding modes of
TRF2 to these two DNA regions. Indeed, TRF2-pericentromere
association (1) does notrequire the Myb/telobox domain; (2) re-
quiresthe TRF2 domains known to recognize particular DNA
structures in a sequence-independent manner, i.e., the basic
domainthatbinds branched DNAstructures,suchasthoseat
stalled forks (Foucheé et al., 2006; Poulet et al., 2009; Schmutz
etal.,2017)or G4s (Pedrosoetal.,2009),and the DNAwrap-
ping domain of TRFH that binds positive supercoils, such as
those formed during replication (Benarroch-Popivker et al.,
2016;Yeetal.,2010);(3)increases during S phase and upon
topological stress, replication stress, and G4 stabilization; and
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Figure 6. TRF2 Prevents Accumulation of G4-like Structures at Pericentromeres
(AandB)TRF2associationtoSatlliregions(A)andPIFs(B)inHeLacellstransfectedwithsiRNAsagainst TRF2,RTEL,andcontrolfor72hr.Phen-DC3 orPhen-
DC6 was added (final concentration 10mM) 4 hrbefore cellfixation. Graphs showthe mean £SE of three biological replicates. Statistical analyseswere performed
using Mann-Whitney U test (*p <0.05).

(CandD)Fork speed quantification (C)and asymmetry (D) of Satllland global DNA fibers afterPhen-DC3 treatment (4 hrat 10mM) in HeLacells. TRF2was
knocked down by the addition of doxycycline (DOX). **p <0.001, ***p <0.0001; Mann-Whitney U test.

(E) Associations of G4ike structures identified with the 1H6 antibody (green) and Satlll (red). Error bars represent SEM of n =3. Mann-Whitney U test (*p <0.05)
was used to estimate statisticalsignificance.
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(4)decreases upon heterochromatinreduction. Moreover, TRF2
can be recruited to an artificial fork-stalling site (Lacl-GFP/Lacl-
HP1a-GFP). Combined, these results point toward amodel in
which TRF2 binds in asequence-independent, but structure-
dependent, manner to DNA conformations formed during
replication of pericentromeric heterochromatin, such as posi-
tive supercoils, branched DNA, and G4 DNA (see model in
Figure 7C).

Importantly, this unconventional binding of TRF2 to pericen-
tromeres is required for appropriate progression of pericentro-
meric forks during unchallenged replication, as demonstrated
by the differential behavior of the two separation-of-function
alleles TRF208and TRF22™ (Figures 2D and 2E). Indeed, TRF20®
expression causes a decrease in pericentromeric binding as
compared to TRF2, as well as pericentromeric DNA damage
and impaired replication, but had little effect on telomere binding
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and ATR activation and triggers the formationof
DNA conformations such as positive DNA su-
percoils (+) and branched DNA localized at re-
gressed forks that constitute known substrates
for direct TRF2 binding. The role of recruited
TRF2 to topologically constrained stalled forks
can be seen in two ways: (1) to prevent ATM
signaling that could be activated upon fork
collapse and (2) to recruit RTEL1 and possibly
other enzymes to remove G4s and the topological
barrier. Whether RTEL1 is recruited directly as a
complex with TRF2 or sequentially after the
binding of TRF2 to or around the stalled fork is
unknown.
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and protection, while TRF20" was defective in telomere binding
and protection but was binding to pericentromeres, protected
them efficientlyagainst DNAdamage, and allowed fork progres-
sion. Of note, even though TRF22" and TRF2P® have clearly
different pericentromeric phenotypes (Figure 4C), they both
bind Satlll (Figure 2). Alikely explanation is that TRF20® lacks
an important property to assist in pericentromeric replication,
which is preserved in TRF20, This could be the ability to recog-
nize specific DNA conformations (e.g., stalled forks or G4s) or to
recruit factors involved in fork progression (e.g., FEN1; Muftuo-
glu et al., 2006).

The pericentromeric replicative impairmentinduced by TRF2
downregulation activated the ATM, but not the ATR, pathway
of DNA damage response. In fact, the pericentromeric replica-
tion was partially relying on this TRF2-dependent ATM inhibi-
tion, implying that ATM activation can impair pericentromeric
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replication. One possibility is that ATM activation reducesthe
availability of deoxyribonucleoside triphosphates at the arrested
fork (Techer et al., 2016). Another non-exclusive possibility is
that TRF2 regulates ATM-dependent processing of DNA breaks
that may form if pericentromeric forks collapse (Bradshaw
et al., 2005).

Howdoes one explainthat ATRis not activated by the peri-
centromeric stalled forks formed upon TRF2 downregulation?
One possibility is that pericentromeric heterochromatin forms
potenttopological barriersimpeding DNA polymerase progres-
sion and the dissipation of superhelical strain, thus preventing
replicative helicases to form large, single-stranded regions
and subsequent ATR activation. These topological barriers
could result from higher-order heterochromatin structures, tight
protein/RNA-DNA interactions, or even long-range chromatin
association orinteractions with subnuclear structures. Whether
the formation of pericentromeric G4s, which we demonstrate
here to impair fork progression through pericentromeres, con-
stitutes per se a topological barrier or is a consequence of
the topological blockade, furtherimpeding fork progression, is
an interesting question that would deserve further studies. In
any case, such topologically constrained forks are expected
to regress, resulting in four-way DNA structure formation
(Postow etal., 2001). Thus, we propose that TRF2 is specifically
required to assist topologically constrained pericentromeric
forks, first by binding to the various DNA conformations that
can be formed at or around these forks, such as branched
DNA, positive DNA supercoils, and G4s, and then by suppress-
ingATM activation aswellas byrecruitingthe RTEL1 helicase
and possibly other enzymes to remove the blockades (see
model in Figure 7C).

Interestingly, itwas recently reported that the ATR checkpoint
isalsosuppressed during centromere replication (Aze et al.,
2016), suggesting that topologically constrained forks are also
formed at centromeres. In this hypothesis, their resolution would
not require TRF2 since we failed to detect centromeric damage
andreplication defectin TRF2-compromised cells. Since human
centromeres are not formed of classical heterochromatin (Gue-
natrietal., 2004; Sullivan and Karpen, 2004), one might specu-
late that TRF2 required specific heterochromatin features to be
recruited and to act at topologically constrained stalled forks.
This hypothesis is further supported by the enhanced recruit-
ment of TRF2 to a fork block generated by Lacl-GFP when
HPla is added to the fusion protein (Figure 7A) and the
genome-wide protection by TRF2 of heterochromatin regions
(Figure 7B).

Overall,ourfindings highlightabroaderrole for TRF2 than
what was initially expected from a telomere-specific factor.
Intriguingly, our data putforward aclose link between the mech-
anisms ensuring stability of telomeres and of genome-wide
heterochromatinviaTRF2, suggestingunexpectedcrosstalk be-
tween these chromosomal regions during aging and cancer.
Moreover, our findings provide a rationale for many puzzling
observations linking heterochromatin to telomeres (Jain et al.,
2010; Perrinietal., 2004; Smogorzewska etal., 2000) and raise
the interesting possibility that the two chromosomal elements
share an evolutionary mechanism involved in the stabilization
of ancestral linearchromosomes.
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KEY RESOURCESTABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-53BP1
Mouse monoclonal anti-TRF2
Rabbit polyclonal anti-TRF2
Anti-PCNA

AntipATM (ser1981)
AntiRTEL1

IH6

AntipChK1 (ser317)
Anti-pChK?2

Anti-beta-actin

Anti-BrdU

H3

AntigH2AX

Anti-H3K9me3

Anti-H4K4me3
Antirabbit Alexa 488 antibody
Goat anti-mouse Alexa 488 antibody
HRP goatanti-mouse IgG
HRP goat anti-rabbit IgG
Anti-BrdU-FITC

Rat anti-BrdU

Goat anti-mouse Alexa Fluor 488
Goatanti-ratAlexaFluor594
GoatantiratAlexaFluor555
Mouseanti-ssDNA
Anti-mouse Cy5.5
Anti-goatCy5.5

Alexa Fluor 488 streptavidin
Mouse anti-BrdU

NovusBiologicals
NovusBiologicals
NovusBiologicals

SantaCruzBiotechnology
Cell Signaling Technology

Londono-Vallejo Lab
P.Lansdorp Lab

Cell Signaling Technology

Abcam
Abcam
Abcam
Abcam
Abcam
Upstate
Upstate

JacksonImmunoResearch
JacksonImmunoResearch

Vector Laboratories
Vector Laboratories
BD Biosciences
AbD Serotec
Invitrogen
Invitrogen
Invitrogen

Millipore

Abcam

Abcam

Thermo Scientific
BD Biosciences

NB100-305; RRID: AB_10001695
NB100-56506; RRID: AB_839054
NB110-57130; RRID:AB_844199
sc25280; RRID: AB_628109
4526; RRID: AB_2062663

N/A

Henderson et al.,2014

2344; RRID: AB_331488
ab32148; RRID: AB_726828
ab8227; RRID: AB_2305186
ab2284; RRID: AB_302944
ab1791; RRID: AB_302613
ab2893; RRID: AB_303388
07-442; RRID: AB_310620
07-473; RRID: AB_1977252
111-545-144; RRID:AB_2338052
115-545-146; RRID:AB_2307324
PI-2000; RRID: AB_2336177
PI-1000; RRID: AB_2336198
347583; RRID: AB_400327
OBT0030; RRID: AB_609568
A11029; RRID: AB_138404
A11007; RRID: AB_141374
A21434; RRID: AB_141733
MAB3034; RRID: AB_94645
ab6947; RRID: AB_955087
ab6951; RRID: AB_955084
S$32354; RRID: AB_2315383
347580; RRID: AB_400326

Anti-goatCy5.5 Abcam ab6951; RRID: AB_955084
Chemicals, Peptides, and Recombinant Proteins

VE-193 Sigma SML1109
KU-55933 Sigma SML1415
Hydroxyurea Sigma H8627
BrdU Sigma B-5002
IdU Sigma 17125
Cldu MP Biomedicals 105478
Thymidine Sigma T9250
ICRF-193 Sigma 14659
TSA Sigma T1952
Aphidicoline Calbiochem 178273
Phen-DC3 Teulade-Fichoulab N/A
Phen-DC6 Teulade-Fichoulab N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

Dharmafectltransfection reagent Dharmacon T2001
Lipofectamine-2000 Thermo Fisher Scientific 11668019
High-Capacity RNA-to<DNAKkit Thermo Fisher Scientific 4387406
FastStart SYBR Green Master Roche 05673484001
Deposited Data

gH2AX ChlP-seq data This paper GEO: GSE95221
H3K9me3 ChIPseqdata This paper GEO: GSE102278
Raw image data This paper https://doi.org/10.17632/zjvptr88c2.1

Experimental Models: Cell Lines

shTERF2-inducibleHelLacellline Grolimundetal., 2013 N/A

BJ-HELT Biroccioetal.,2013 N/A
HelLa38 Beuzeretal.,2014 N/A

MRCS primarycellline ATCC CCL-171
Oligonucleotides

SatlllPNA probe: TTCCATTCCATTCCATTCCA Thiswork N/A
CentroPNAprobe: AAACTAGACAGAAGCATT Thiswork N/A

Temere PNA probe: CCCTAACCCTAACCCTAA Thiswork N/A

Primers for gPCR This work See Table S1
siRNA sequences Dharmacon See Table S2
Recombinant DNA

Lacl-GFP plasmid Beuzeretal.,2014 N/A
Lacl-HP1a plasmid This work N/A
Software and Algorithms

ImageQuant Software GE Healthcare N/A
Image)-F1JI Schindelinetal.,2012 N/A
GraphPad Prism 5 GraphPad https://www.graphpad.com/
Sicer Zangetal.,2009 N/A
Bowtie2 Langmeadetal.,2009 N/A
Samtools Lietal.,2009 N/A

CONTACT FOR REAGENT AND RESOURE SHARING

Furtherinformation and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Eric Gilson (eric.gilson@unice.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human primary MRC-5 cellswere obtained from the ATCC. The shTERF2-inducible HeLa cell line was a gift from the Joachim Lingner
lab (Grolimund etal., 2013). HeLa-38 was a gift from EviSoutogloulab (Beuzer etal., 2014). BJ HELT was immortalized by transduc-
tionof hTERT and SV40 ER genes (Biroccioetal., 2013). All cell lines used in this studywere grown in DMEM supplemented with 10%

fetal calf serum. All cell lines were routinely tested for mycoplasma contamination.

METHOD DETAILS

Transient Transfections

siRNA(On-TargetPlus SMARTpool, Dharmacon)transfectionswere performedwith Dharmafectltransfectionreagent(Dharmacon)
for 72 hr. Transfections of Lacl-GFP or Lacl-HP1a-GFP were carried out for 24 hr using Lipofectamine-2000 following the manufac-
turer’s instructions. For siRNA reference and sequences, see Table S2.
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Real-Time gPCR

QPCRwas usedto determine the efficiency of siRNA downregulation and for ChIPvalidation. For siRNAinhibition, total RNA (RNeasy
MiniKit, QIAGEN)was reverse transcribed using the High-Capacity RNA-to-cDNA kit (Thermo Scientific). gPCRwas performed using
an Applied StepOnePlus system (Life Technologies) with SYBR green master mix (Roche, 4913914 001). Only siRNA transfections
giving rise to a reduction of R 75%were used in this study. For primer sequences used in qPCR, see Table S1.

Immunofluorescence-FISH
Cellswere grownontoglass coverslips andfixed for 12 minwith 3.7%formaldehyde. Cellswere then permeabilizedwith 0.5% Triton
X-100for 5 minand dehydratedinincreasing concentrations of ethanol for 3 min (50%, 70%and 100%). Hybridization of PNA probes
was performedforatleast2 hratRTaftera3-mindenaturationin 70%formamide, 10mM Tris pH 7.2 and 1%blocking solution
(Roche) at 80 C. After that, the cells were washedina 70%formamide, 10 mM Tris pH 7.2 solution for 30 min, followed by a solution
containing 150 mMNaCland 50 mM Tris pH 7.5 for 15 min. Next, the cells were incubated with blocking buffer (1% Triton X-100, 1%
BSA and 5% goat serum) and incubated overnight at 4 C with the desired antibody. Cells were then washed with 1X PBS and
incubated for 1 hr with the corresponding secondary antibody. Finally, the cells were preserved in a mounting solution with DAPI
(Vectashield, Vector Laboratories).

Cells treated with Triton X-100 before cell fixation were washed in CSK buffer (L0mM Pipes pH 7, 100 mM NaCl, 300 mM sucrose,
3mM MgCI2 supplemented with protease inhibitors) and incubated for 5 min at RT with 0.5% Triton X-100.

Image Acquisition and Analysis

Imaging was performed with a Zeiss LSM 5 Exciter confocal laser scanning microscope. A minimum of 15 z-planes were acquired
(736X 512 pixels perframe usinga 8-bitpixel depthforeach channel)witha63Xoilimmersionobjective (Plan-Apochromat63x/1.4
Oil DIC).Images were analyzed withthe ZEN 2009 (Zeiss). To determine the association between PNAand IF signals, the profile of the
signal intensity was generated with Image]) software (Schindelin et al., 2012). Positive associations were score when both profiles
overlap.

Metaphase Analysis

Cellswere arrested at metaphase stage using colcemid (final concentration 0.05 mg/ml)for 1 2 hror4 5 hrfor primary pre-senes-
centcells. Trypsinized cellswereincubatedwith0.075MKClfor 12 minat37Cfollowed by methanol/glacialaceticacid(3:1)fixation.
Telomeres and pericentromeres were visualized with PNA probes hybridized for 2 hrin 70%formamide, 10 mM Tris pH 7.2 and 1%
blocking solution (Roche) buffer. Images were obtained with a Zeiss Axiovert Z2 epi-fluorescent microscope.

Band-Shift Competition Assay
The double-stranded DNA probe and competitors for the competition assays were obtained by hybridization of 106-base synthetic
oligonucleotides (Eurogentec). DsSat3 was 5° **Pdabeled on the top strand using T4 polynucleotide kinase (Promega) and gam-
ma-?P ATP in conditions recommended by the manufacturer. Non-incorporated ATP was removed by ethanol precipitation. DNA
concentrationwas measured by absorbance after hybridization. His-TRF2 was purified as previously described (Pouletetal.,2012).
Five nM 5%32P|abeled dsSat3 probe was mixed with increasing amounts of competitor and incubated with His-TRF2 (20 nM final
concentration)in 10mlof 20 mM HEPES pH 8,150 mM KCIl, 1 mM DTT, 500 mg/mlacetylated BSA, and 5%Glycerol solution for
15 minonice. After incubation, 2 ml of 15%ficollwas added and the samples were loaded on a 1% 0.5X TBE agarose gelwith
7.5V/cmcurrent.Electrophoresiswas performed inthe same bufferatthe samevoltage for30 min,then the gelwas dried on
DE81 paperand exposed overnightonaphosphorimager screen. The screenwas scanned usinga Typhoon FLA 9000 laser scanner
(GEHealthcare) and the bands quantified using Image Quant TL software (GE Healthcare). Experiments were repeated at least three
times for each competitor.

Chromatin Immunoprecipitation

Cellswerecross-inked for 12 minwith 1%formaldehydeandwashedwith cold PBS. The cellswere centrifugedandthe pelletre-
suspendedincelllysisbuffer(5mMPIPESpH 8,85 mMKCI,0.5%NP40and proteaseinhibitors). Thecellswerepelletedat4Cand
re-suspendedinnucleus lysis buffer (50mMTris pH 8, 10 MM EDTA, 1%SDS, protease inhibitors) and the cells were sonicated using
aBioruptor to getan average fragment size of 400 bp. IPs were set up with 40 mg of DNA and incubated overnight with the desired
antibody. Magnetic beads (Dynabeads, Life Technologies)were added for 2 hr. The beads were washed with a low salt buffer
(150 mM NacCl, 1% Triton X-100, 0.1%SDS), a high salt buffer (500 mM NacCl, 1% Triton X-100, 0.1%SDS), followed by a lithium
saltbuffer(0.25 M LiCl, 1% NP40, 1% deoxycholicacid). Chromatin was eluted witha 1%SDS, 0.1 M NaHCO3 solution and the
crossdink reversed at 65C overnight. The DNA was treated with RNaseA (10 mg/ml for 20 min), proteinase K (10 mg/ml for 1 hr
at 50C) followed by phenol-chloroform purification and ethanol precipitation. Quantification ofimmunoprecipitated DNAwas per-
formed with the Qubit HS kit (Thermo Scientific).
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ChIP Sequencing and Analysis
gH2AX ChlIP-seq, library preparation and sequencing was performed at the BGI Tech Solutions (China) using the lllumina system
while H3K9me3 ChIPseqwas performed usingaSOLID 5 sequencer (Roche) according to the manufacturer’s instructions. Two bio-
logicalreplicateswere performedpercondition, thereads( 3040 millionpersample)were mergedandthealignmentofshortreads
tothehumangenome(hg19,UCSC)was performedusingthe defaultparameters fromthe Bowtie2 program (Langmeadetal.,2009).
Outputfiles (SAM format) were converted into BAMfiles and indexed using the SAMTools program (Lietal., 2009). Peak callingwas
performusingtheSicerprogram(Zangetal.,2009)withthe followingsettings: window size 200; gap size 600; cut off 103 forgH2 AX
and 10-4 for H3K9me3.

Tocalculate the total numberof reads containing repetitive sequences (Figure S7B), we counted foreach dataset the total number
ofreads containing 49 bp of continuous repeat elements (without mismatches) and divided by the total number of reads. IPsamples
were normalized to their corresponding input.

BrdU-IP Replication Assay

Cellswere synchronized using the double-thymidine block method. Briefly, 2 mMfinal concentration of thymidine was added to the
cells for 19 hr. The cells were released from the block by adding fresh media for 9 hr followed by a second thymidine incubation for
15 hr. After the second block, the cells were released and harvested every 2 hr. BrdU (final concentration 20 uM) was added to the
media 1 hrbefore cell harvesting. Next, the DNAwas extracted using standard methods and sonicated to an average size of 800 bp.
The DNAwas denatured at 95 Cfor 10 minand incubated with aBrdU antibody overnightat4 Cin IPbuffer (0.1 Msodium phosphate
pH 7.0, 1.4 MNacCl, 0.5% Triton X-L00). Magnetic beads (Dynabeads Protein G, Life technologies) were used forimmunoprecipita-
tion. Beads were re-ssuspended in proteinase K buffer (50 mM Tris pH 8.0, 10 mM EDTA, 0.5% SDS) and treated with RNase A
(10mg/mL)and proteinase K(10 mg/ml)for2 hrat 55C. Next, the beadswere incubated at 80C for 3 min followed by phenol/
chloroform extraction and ethanol precipitation.

Slot Blotting

TheDNAobtainedfrom ChIPandBrdU4Pexperimentswasdenatured(0.5MNaOH,2MNaCland25mMEDTA)andblottedonto
nylon membranes using a slot blot apparatus, crosslinked, and hybridized with different radioactively labeled probes. The mem-
braneswere exposed onto phosphorimager screensand the signalintensitywas quantified withImageQuant software.

Western Blotting

Total protein extracts were obtained using ice-cold RIPA buffer for 30 min. Samples were separated by SDS-PAGE electrophoresis
using NuPAGE Mini gels (Life Technologies). Proteins were transferred onto Protran BA 85 nitrocellulose membranes (Whatman,
GE Healthcare) followed by at least 1h blocking with PBST in 5% skim milk. Hybridization with primary antibodies was performed
overnightat4Cfollowedby 1 hrincubationwith secondaryhorseradish peroxidase conjugated antibodies. Membranes were devel-
oped usingthe Luminata Forte HRP substrate (Millipore) and exposed in the Fusion Solo apparatus (Vilbert Lourmat).

DNA Combing: Cells, Slide Preparation, and FISH-IF Detection

Helacellswere pulseHabeledfor 30 minwith 20mMfinal concentration|dU followed by 30 minCldU (100 mMfinal concentration),and
afinal 5minincubation of 1 mMthymidine. The cellswere collected andembeddedin 2%low meltingagarose plugs. DNA plugswere
incubated for48 hrat42 Cin PK buffer (1%SDS, 0.25 EDTAand 1 mg/ml Proteinase K). Next, agarose plugs were heated at 68 C for
15minin 1XTE containingb-Agarase | buffer (NEB, M0392). The melted agarose was cooled downto 42 C and incubated for48 hrin
the presence ofb-Agarase | (NEB, M0392) and 30 minwith 0.25 M MES pH 5.5. DNA present in the melted b-Agarase-digested
agarose was stretched onto in-house silanized coverslips.

Next,slidesweredenaturedin 1NNaOH for5minatRT,rinsedin 1XPBSat4Cfor5minanddehydratedinincreasing concen-
trations of ethanol for 5 min each (50%, 70%and 100%) at RT. The slides were then incubated with blocking solution (1.5% blocking
reagent Roche 11096176001 and 0.05% Tween 20) for 30 min at 37 C followed by incubation with mouse anti-BrdU-FITC (347583,
BD Biosciences) together with rat anti-BrdU (OBT0030, AbD Serotec) antibody. Next, the samples were washed in NaCl 0.5M, Tris
20mMpH 7.8, Tween-200.5%, for 6 minatRT.Samples were thenincubated for 30 minat 37 Cwith secondary antibodies goat anti-
mouseAlexaFluor488(Invitrogen,A11029)togetherwithagoatantiratAlexaFluor594 (Invitrogen,A11007)orgoatanti-ratAlexa
Fluor555 (Invitrogen, A21434).Inthe case of global replication studies, the slides were washed 3 times for 5 min eachin LXPBS and
incubated for 30 min at 37 C with a mouse anti-ssDNA (Millipore, MAB3034) antibody followed by incubation with an anti-mouse
Cy5.5(Abcam, ab6947)antibody. Afterwashesin 1XPBS, the slideswere incubated for 30 min at 37Cwithadonkeyanti-goat
Cy5.5 (Abcam, ab6951) antibody, washed, and mounted with VectaShield (Vector Laboratories, H-1000).

InthecaseofSatlllhybridization,the DNAwasdenaturedfor8minin INNaOHanddehydratedin 70%ethanolfor5minat 20C
followed by dehydration with 85%and 100% ethanol for 5 min each at RT. The PNA probe (Satlll: Biotin-O-TTCCATTCCATTC
CATTCCA,; Centromere: Biotin-O-AAACTAGACAGAAGCATT) was denatured for 5 min at 95 C and diluted in hybridization mix
(10% dextrane sulfate, 50%formamide, 2 x SSC, 1% Tween 20) to a final concentration of 1 mM. Hybridization took place overnight
at37C,followed bywasheswith 50%formamideand 2XSSC pH 7solutionatRT.Theslideswerewashedin2XSSCandincubated
in blocking solution as described above. Then, the following antibodies were added, in this order: Alexa Fluor 488 streptavidin

Molecular Cell 70, 449-461.e1-e5,May 3, 2018 e4

Cell’ress

145



CellPress

(ThermoScientific,S32354), rabbitanti-streptavidin-biotin, AlexaFluor 488 streptavidin (ThermoFisherScientific,532354), mouse
anti-BrdU (BD Biosciences, 347580) togetherwith anti-BrdU (AbD Serotec, OBT0030) followed by a donkey anti-goat Cy5.5 (Abcam,
ab6951). All antibody incubations were 30 min at 37 C, with 1X PBS washes between antibodies.

Finally, an epifluorescence microscope (Axio Imager.Z2, Carl Zeiss) equipped with a 63X objective lens (PL APO, NA 1.4 Oil DIC
M27) connected to a charge-coupled device camera (Cool-SNAP HQ2; Roper Scientific), and MetaMorph software (Roper Scientific)
was used for image acquisition.

DNA Combing: Analysis

The DNA molecules were stretched at a constant speed (300 mm/sec) on silanized coverslips with an automated combing device
(FiberComb, GENOMIC VISION). This procedure gives a uniform stretching factor of 2 kb/mm across the surface (Michalet
et al., 1997).

Tocalculatereplication speed, onlyldUtracks flanked by aCldU tracks presentinintactfibers, established by DNA counter-
staining, were measured. Tracks ending at the same point as the DNA counterstained fiber were omitted. To determine the length
inkb/min,theratio between thelengths oftheldU +CldU tracks divided by the labeling time in minuteswas calculated using
the Image]J (FIJI) software. Fork asymmetry (presented as IdU/CldU in the graphs) was calculated as the ratio of the longest
track over the shortest; therefore, the IdU/CldU ratio is R1. Statistical analysis of the median distributions was calculated with the
nonparametric Mann-Whitney rank sum test using GraphPad Prism 5 software.

QUANTIFICATION AND STATISTICALANALYSIS

Statistics

GraphPad Prism 5 software was used to generate graphs and to perform statistical analysis. p values were obtained using either
the two-tailed Student’s t test or Mann-Whitney U test. The test usedis indicated in figure legends. Differences were considered sta-
tistically significant when p <0.05 (* p <0.01, **p <0.001, ***p <0.0001). Absence of statistical annotation indicates non-significance.

DATA AND SOFTWARE AVAILABILITY
ChlIPseqraw data, profile of reads, and peak analysis were deposited in the Gene Expression Omnibus database under accession

number GEO: GSE95221 (gH2AX data) and GEO: GSE102278 (H3K9me3 data).
Raw image data have been deposited to Mendeley Data and are available at: https://doi.org/10.17632/zjvptr88c2.1.
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Figure S1. Related to Figure 1.
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Figure S2. Related to Figure 2.
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Figure S3. Related to Figure 3.
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Figure S4. Related to Figure 4.
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Figure S5. Related to Figure 4 and 5.
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Figure S6. Related to Figure 7
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Figure S7. Related to Figure 7.
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Supplementary Figures

Figure S1. Pericentromeric DNA protection by TRF2

(A) Metaphase chromosome spread of BJ-HELT cells labelled with a Satlll PNA probe
together with a whole chromosome 9 paint probe. The pattern of hybridization of the PNA
Satlll probe is consistent with the largest number of Satlll repeats in pericentromeres of this
chromosome. Hybridization of the Satlll PNA probe on interphase BJ-HELT cells (right
panel).

(B) Quantification of Multiple Telomere Signals (MTS) in metaphase chromosome spreads
of TRF1 depleted cells. Telomere staining is shown in green. Approximately 1000
chromosomes were quantified per condition. Downregulation of TRF1 is shown by
immunobloting. Error bars indicate standard deviation of n=3, **p < 0.001; two-tailed
Student’s t test.

(C) Downregulation of TRF2 in BJ-HELT cells.

(D) Quantification of PIFs upon TRF2 downregulation MRC5 primary cells. Down-regulation
of TRF2 was assessed by RT-gPCR. P values of n =3 were obtained using the Mann-
Whitney U test (* p < 0.05).

(E) FACS analysis HeLa cells containing an inducible shTRF2 sequence and incubated with
doxycycline (DOX) for 5 days.

(F) Representative IF images of associations between Satlll (red) and phospho-ATM or RPA
(green) in MRCS5 cell line. Quantification is shown in Figure 1D.

(G) Expression of phospho checkpoint 1 or 2 (pChK1 or pChK2) in HelLa cells treated with
doxycycline to downregulate TRF2 expression. Cells were treated with KU-55933 (10 uM for

24 h), VE-821 (10 uM for 24 h) or hydroxyurea (HU; 1.5 uM for 24 hrs).
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(H) PIFs of HelLa cells after 5 day doxycycline and 72 h siRNA incubation against ATM or
ATR. TERF2 (90%), ATM (75%) and ATR (72%) inhibition was estimated by RT-gPCR.
SEM of n=3; * p < 0.05; Mann-Whitney U test.

() Relative L1G4 (left) and TERF2 (right) mRNA levels of HeLa cells from the experiment
presented in Figure 1F and G, (*** p <0.0001; One-way ANOVA). Examples of metaphase
spreads of cells transfected with siLig4 and controls are shown (right panel). Telomeres were

stained in green while fusions are marked with arrow heads.

Figure S2. TRF2 binding to pericentromeres rich in Satlll repeats

(A) Fold enrichment (obtained by gPCR) of loci close or being part of SatllI-rich repeats in
BJ-HELT. The white bar shows enrichment of a site located 90 kb away from a Satlll-rich
repeat block at chromosome 4. gPCR from a sub-telomeric locus rich in telomeric-variant
repeats is shown (red bar).

(B) Location of the amplicons generated by gPCR described in A (red star) in relation to
continuous arrays of Satlll repeats (black thick lines). Bars represent SD of n = 3.

(C) EMSA performed with 5 nM of the dsSatlll labelled probe (dsSatll1*), 20 nM of His-
TRF2 and increasing amounts of competitors being either Satlll repeats (dsSatlll), telomeric
repeats (dsTelo), Satlll scrambled repeats (dsC1 and dsC2) or an unrelated sequence (dsNSP).
Quantification of the EMSA shows the variations of the normalized fraction of DNA bound
(f) in each condition. Normalization was performed using the fraction of DNA bound in the
absence of competitor (f0). Error bars represent standard deviation of n = 3.

(D) gPCR from the conditions presented in Figure 2D showing the enrichment of different
TRF2 mutants normalized to two different sequences where TRF2 does not bind. Fold
enrichment of a subtelomere region containing TTAGGG repeats and a pericentromeric
region containing TGGAA Satlll repeats is shown. Error bars represent SD of n = 3 (p values

in relation to TRF2 condition; *p < 0.05; **p < 0.001; *** p < 0.0001. One-way ANOVA).
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(E) TERF2 mRNA levels of the experiment shown in Figure 2d. Error bars represent SD of n

= 3; *** p < 0.0001; One-way ANOVA.

Figure S3. TRF2 binding to Satlll regions is cell cycle regulated

(A) Quantification of TRF2-Satlll associations of BJ-HELT cells transfected for 72 h with 2
different RNAI sequences per target gene. Only transfections resulting in > 75% inhibition
verified by RT-gPCR were used.

(B) Percentage of telomeric PNA signal containing TRF2 in BJ-HELT cells transfected for 72
h.

(C) Slot blots showing ChIP experiments performed in TRF2-depleted HelLa cells (+DOX)
for 4 days and control (-DOX). The membrane was initially hybridrized with a Satlll probe
followed by a telomeric DNA probe. Errors bars represent SEM of n = 2.

(D) Quantification of TRF2-Satlll associations in HeLa cells synchronized by two pulses of
thymidine. The cells were collected 0, 2, 4 and 9 h after releasing of the replication block.
FACS analysis of the progression of the cell cycle is shown. Bars represent SEM of n = 2.
(E) PIF quantification of BJ-HELT cells transduced for 6 days with lentivirus containing the
full-length TRF2 protein or an empty vector control and treated with hydroxyurea (HU; 1.5
M) and aphidicolin (aphi- 300 nM) for 24 h. Mean +SE of n = 3 is shown.

(F) TIFs quantification in BJ-HELT cells transfected for 72 h with one RNAI sequence. Only
transfections resulting in > 75% inhibition verified by qPCR were used.

In all the panels from this figure, statistical analyses were performed using Mann-Whitney U

test (* p < 0.05, **p < 0.001, ***p < 0.0001).

Figure S4. TRF2 modulates Satlll replication
(A) Schematic view of the replication experiment performed in HeLa cells using BrdU. DOX

was added to the cells 4 days before the releasing of the thymidine block. Cells were collected
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every 2 h, with the addition of BrdU 1 h before cell collection. Finally, BrdU IP was
performed and the product spot on membranes for subsequent probe hybridization.
Synchronization of the cells with or without TRF2 depletion (+ or —-DOX) was assessed by
FACS, while the expression of TRF2 by immunoblotting (right side).

(B) BrdU immunoprecipitated DNA was spotted on nylon membranes, which were

hybridized with a Satlll radioactively labelled probe. The membrane was stripped and
sequentially hybridized with telomere, centromere and Alu probes. Each BrdU-IP sample was
normalized to its corresponding input. The graphs represent the signal of each condition as a
percentage of all BrdU incorporated across the 5 time points collected from three biological
replicates (* p < 0.05; Mann-Whitney U test performed at each time point between + and -
DOX).

(C) HeLa cells were pulse-labeled for 30 min with 20 uM final concentration 1dU followed by
30 min CldU (100 uM final concentration). Replication speed was estimated by measuring the
length of the IdU + CldU tracks divided by the time in minutes of complete fibers. Fork

asymmetry represents the ratio of the longest track over the shorter.

Figure S5. TRF2, but not TRF1, controls replication speed at Satlll

(A-B) Fork speed (A) and asymmetry (B) of Satlll and total DNA labelled tracks in HeLa
cells with TRF1 downregulation and control.

(C) Fork speed quantification of global DNA fibers from the experiment described in Figure
4C.

(D) Fork speed of Satlll (left) and total DNA (right) fibers in HeLa cells. Cells were treated
with the ATM inhibitor (KU-55933; 10 uM for 24 h) or the ATR inhibitor (VE-821; 10 uM
for 24 h), with (+DOX) or without (-DOX) five-day TRF2 depletion.

Bars show the median * interquartile range or n = 2. Statistical analyses were performed

using Mann-Whitney U test (**p < 0.001, ***p < 0.0001).
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Figure S6. LacO replication blockade leads to DDR activation

(A-C) Representative IF images of HeLa-38 cells transfected with Lacl-GFP or Lacl-HP1a-
GFP for 24 h and stained with YH2AX antibody (A), 53BP1 (B) or a telomeric PNA probe
(C). EdU (1 uM) was added to the cells for 14 h. Percentage of Lacl-GFP or Lacl-HP1a-GFP
foci colocalizing with either YH2AX, 53BP1 or telomeric PNA signal in dividing and non-
dividing cells is shown. At least 50 nuclei containing the Lacl-GFP or Lacl-HP1a-GFP were

analysed per condition.

Figure S7. TRF2 protects genome-wide heterochromatic regions against DNA damages
(A) Quantification of yYH2AX ChIP-seq reads composed of pure repeated sequences
(indicated at the top of each graph) from BJ-HELT cells after siControl or siTRF2 for 72 h
incubation. The number of repetitive-sequence reads obtained in the immunoprecipitated
samples was normalized to the total number of reads in the input. Error bars show the SD of n
=2 (**p <0.001, **p < 0.0001; two-tailed Student’s t test).

(B) Profile of YH2AX reads and peaks (red, right side) of siTRF2 vs. siControl after
normalization with its corresponding input DNA on each chromosome of BJ-HELT cell line.
TRF2 knockdown was performed for 72 h achieving 85% TERF2 mRNA inhibition. Profile
of reads and peaks of H3K9me3 in BJ-HELT without cell treatment (green, left side) are
shown.

(C) Pie charts showing the percentage of YH2AX peaks (siTRF2 vs siControl as described
above) overlapping H3K9me3 peaks from HelLa-S3 cells deposited in the ENCODE database.
Positive overlap was considered when at least one nucleotide was shared between the two
conditions using BEDtool intersect algorithms. The p value (McNemar’s test) represents the
probability that the YH2AX peaks are enriched in H3K9me3 marks compared to H3K9me3 of

the whole genome.
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(D) Comparison between the replication timing pattern (Repli-seq; (Hansen et al., 2010)) of
BJ cells (whole genome) and the YH2AX peaks obtained in this work (see Figure S7B). The
percentage shows the replication of either yYH2AX peaks or overall regions occurring in the S4
and G2 cell cycle stages. The distribution of the overlap was calculated using BEDtools. P

values were obtained using the McNemar’s test.

160



Table S1 Oligonucleotides used in this study, Related to STAR Methods section: Real

time qPCR.

Oligo Sequence (5’ — 3’)

LigaselV-F GAACGTATGCAAATGCACAAAGA
LigaselV-R ACCTTCAGTAGGAGAAGCACC
Suv39-F ATTCGCAAGAACAGCTTCGT
Suv39-R ACACGTCCTCCACGTAGTCC
TOPIlla-F TTAATGCTGCGGACAACAAACA
TOPIla-R CGACCACCTGTCACTTTCTTTT
BLM-F CGGATTTTGTTCCACCTTCT
BLM-R AGCAGTTCGTTCCCACAATC
WRN-F TGAAGATGACCTCCCCTTCTT
WRN-R TGGCAACATCTGTCAACTCC
ToplIB-F GGTTCGTGTAGAGGGGTCAA
ToplIB-R GCTGATTTGCTGGAATCCTT
Topl-F ATCCTGAAGGCATCAAGTGG
Topl-R TTCATGGTCGAGCATTTTTG
TRF2-F GTTGGAGGATTCCGTAGCTG
TRF2-R GACCTTCCAGCAGAAGATGCT
ATM-F TTGATCTTGTGCCTTGGCTAC
ATM-R TATGGTGTACGTTCCCCATGT
ATR-F ACCTCAGCAGTAATAGTGATGGA
ATR-R GGCCACTGTATTCAAGGGAAAT
G9a-F GGGCGGGAAAATCACCTCC
G9a-R CACTCATGCGGAAATGCTGTAT
RTEL1-F TCTCCAGAGCAAAGGAGGAC
RTEL1-R CCATCCTGATGCTGGTCAC
POT1-F TGGGTATTGTACCCCTCCAA
POT1-R GATGAAGCATTCCAACCACGG

Table S2 siRNA used in this study, Related to STAR Methods section: Transient

transfection

SiRNA Reference Sequence

TRF2 L-003546-00-0005

TRF1 L-010542-00-0005

POT1 L-004205-00-0005

WRN-1 L-010378-00-0005

WRN-2 J-010378-05 GAUCCAUUGUGUAUAGUUA
WRN-3 J-010378-06 GCACCAAAGAGCAUUGUUA
BLM-1 L-007287-00-0005

BLM-2 J-007287-06 CUAAAUCUGUGGAGGGUUA
BLM-3 J-007287-07 GAUCAAUGCUGCACUGCUU
RTEL1-1 L-013379-00-0005

RTEL1-2 J-013379-05 CCGCAGAGCACACAACAUU
RTEL1-3 J-013379-06 UAUUCAUGCCGUACAAUUA
TOP1-1 L-005278-00-0005

TOP1-2 J-005278-05 GAAAAUGGCUUCUCUAGUC
TOP1-3 J-005278-06 GAUUUCCGAUUGAAUGAUU
TOP2A-1 L-004239-00-0005 161




TOP2A-2 J-004239-06 CGAAAGGAAUGGUUAACUA
TOP2A-3 J-004239-07 GAUGAACUCUGCAGGCUAA
TOP2B-1 L-004240-00-0005

TOP2B-2 J-004240-07 GAAGUUGUCUGUUGAGAGA
TOP2B-3 J-004240-08 CGAAAGACCUAAAUACACA
SUV39H1-1 L-009604-00-0005

SUV39H1-2 J-009604-07 CUAAGAAGCGGGUCCGUAU
SUV39H1-3 J-009604-08 GGUGAAAUGGCGUGGAUAU
LIG4-1 J-004254-09 GCACAAAGAUGGAGAUGUA
LIG4-2 J-004254-10 GGGAGUGUCUCAUGUAAUA
G9a-1 L-006937-00-0005

G9a-2 J-006937-05 GGACCUUCAUCUGCGAGUA
G9a-3 J-006937-06 GAACAUCGAUCGCAACAUC
CONTROL D-001810-01 UGGUUUACAUGUCGACUAA

Note : All siRNAs were purchased from Dharmacon. Reference starting with “L” (On-Target Plus

SMARTYpool) is a mixture or 4 siRNAs against the gene of interest.
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