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Abstract   
 
 Telomeres are dynamic nucleo-protein structures capping the ends of all eukaryotic chromosomes. 
Together with telomerase, they counteract replication-dependent telomere attrition. Additionally, they disguise 
the linear ends of the chromosome from the DNA damage response (DDR) machinery. Otherwise, the chro-
mosome end would be recognized as a double strand break and would elicit a deleterious DDR signal. Both 
of these functions contribute greatly to the maintenance of genome stability. Telomeres are composed of long 
repetitive DNA sequences, protein complex dubbed shelterin and telomeric repeat-containing RNAs (TER-
RAs). In addition to the core protein complex, other proteins are important for proper telomere structure and 
function. Our laboratory has a longstanding interest in the discovery of novel factors that have indispensable 
roles in telomere biology. For that purpose, previous lab members developed a Quantitative Telomeric Chro-
matin Isolation protocol (QTIP) and detected binding of two new proteins to long telomeres, SMCHD1 and 
LRIF1. Their function at telomeres is not yet described but they are shown to function in higher-order chromatin 
organization and genome-wide DDR. Understanding their role in telomere biology is important because the list 
of players involved in DDR at telomeres is far from complete and we know very little about how chromatin 
structure affects DDR activation. Thus, this thesis provides insights into the DDR at telomeres by studying the 
functions of SMCHD1 and LRIF1 and describes the implementation of a novel super-resolution microscopy-
based method to study the role of these proteins and shelterins in early steps of the DDR. 
 Firstly, we describe crucial roles for SMCHD1 and LRIF1 in DDR activation at telomeres lacking shel-
terin protein TRF2. Removal of TRF2 leads to activation of the ATM kinase and elicits a DDR giving rise to 
persistent chromosome fusions. We show that LRIF1 and SMCHD1 removal leads to attenuation of ATM ac-
tivation and subsequent DDR defect as well as impairment in classical non-homologous end joining (NHEJ) at 
unprotected telomeres. Considering that these phenotypes are rescued by removal of TPP1 and activation of 
the ATR kinase, we propose that these proteins mainly participate in DDR signaling operating at uncapped 
telomeres. They are among the rare ones described to act early in the DDR cascade upon TRF2 removal. 
 Stimulated by the discovery that SMCHD1 and LRIF1 function in X-chromosome compaction, we 
sought to test if they would function in remodeling telomeric chromatin. To do that, we have implemented 
super-resolution microscopy method (STORM) to measure sizes and shapes of normal human telomeres and 
ones lacking SMCHD, LRIF1, and shelterin proteins. We have shown, by examination of thousands of telo-
meres, that removal of shelterin proteins leads to decompaction of only a very small subset of telomeres. This 
decompaction does not seem to be required for efficient DDR activation, as the DDR was also efficiently elic-
ited from compactedTRF2-depleted telomeres. Thus, we propose that DDR is triggered by changes at the 
molecular level in protein recruitment upon telomere deprotection. In addition, transient removal of SMCHD1 
and LRIF1 did not affect the compaction state of telomeres as they do in the X-chromosome.  
Overall, we have described two novel factors that are important for DDR at uncapped telomeres and excluded 
the need for decompaction as the initial step of DDR activation. 
 
 

Keywords 

Telomere, DNA damage response, SMCHD1, LRIF1, STORM, telomere compaction, ATM 
kinase 
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Résumé 
  

Les télomères sont des structures dynamiques, constituées à la fois d'acides nucléiques et de pro-
téines. Ils sont présents aux extrémités des chromosomes chez tous les organismes eucaryotes. Ils jouent un 
rôle majeur dans le maintien de la stabilité génétique en limitant le raccourcissement des chromosomes lié à 
leur réplication et en empêchant l'activation de la machinerie de réparation de l'ADN, évitant ainsi les fusions 
chromosomiques. Les télomères consistent en de longues séquences répétées d'ADN, d'un complexe de 
protéines protectrices appelées "shelterins" ainsi que d'ARN contenant des répétitions télomériques (ou Telo-
meric repeats-containing RNA; TERRA). En outre, de nombreuses protéines sont importantes pour assurer 
l'organisation et la fonction des télomères. Notre laboratoire cherche à identifier et caractériser de nouveaux 
facteurs indispensables à la biologie des télomères. Grâce au développement d'une technique de biologie 
moléculaire particulière appelée QTIP (Quantitative Telomeric Chromatin Isolation Protocol), deux nouvelles 
protéines, SMCHD1 et LRIF1, ont été mise en évidence comme interagissant avec les télomères. Toutefois, 
leurs fonctions respectives restent inconnues. Mon travail de thèse apporte de nouvelles connaissances sur 
le rôle de ces protéines aux télomères en particulier lorsque ces derniers ne sont plus coiffés par des protéines 
protectrices telle que TRF2. De plus, j'ai développé une nouvelle méthode de microscopie à haute résolution 
qui permet d'étudier le rôle de ces nouvelles protéines et des shelterins dans la compaction des télomères.  
 Premièrement, je démontre le rôle fondamental de SMCHD1 et de LRIF1 dans l'activation de la ma-
chinerie de réparation de l'ADN aux télomères dépourvus de la protéine TRF2. Lorsque TRF2 est absente, la 
kinase ATM est activée ce qui induit la fusion systématique des extrémités chromosomiques suite à l'activation 
de la machinerie de réparation de l'ADN. En revanche, l'absence de SMCHD1 et de LRIF1 inhibe la réparation 
de l'ADN en réduisant l'activité de ATM et affecte la jonction d'extrémités non homologues (NHEJ). Dans ce 
contexte, la suppression de TPP1 permet de restaurer des mécanismes de réparation de l'ADN. Ainsi, je 
propose que SMCHD1 et de LRIF1 sont impliquées dans l'activation et/ou le recrutement d'ATM ou de pro-
téines accessoires aux télomères non coiffés. Ces protéines font parties des rares associées aux premières 
étapes de la réponse aux dommages de l'ADN en l'absence de TRF2.  
 Motivés par la mise en évidence du rôle de SMCHD1 et de LRIF1 dans la condensation du chromo-
some X, nous avons testé leur implication dans le remodelage de l'ADN télomérique. Dans ce but, nous avons 
mise en place une technique de microscopie à haute résolution (STORM) afin de comparer la taille et la con-
formation de télomères humains en conditions normales et en l'absence de SMCHD1, de LRIF1 et de "shel-
terins". L'observation minutieuse de nombreux télomères a révélée l'état décondensé d'une petite portion des 
télomères dépourvus de TRF2. Cette décondensation n'est pas liée à une réponse efficace aux dommages 
de l'ADN puisque celle-ci est aussi optimale aux extrémités condensées. La machinerie de réparation de l'ADN 
serait plutôt enclenchée par des modifications de la quantité de protéines recrutées aux télomères non coiffés 
que par des changements de leur état de condensation. De plus, l'absence de SMCHD1 et de LRIF1 n'a pas 
d'effet sur l'état de condensation des télomères à la différence du chromosome X.  
 En résumé, nous avons caractérisé le rôle de deux nouveaux facteurs dans l'activation de la réponse 
aux dommages de l'ADN aux télomères non coiffés et avons démontré que la décondensation de l'ADN télo-
mérique n'est pas requise pour initier cette dernière.  

(Translated by Dr Marie Pierron) 

Mots-clés 

Télomère, réparation de l'ADN, SMCHD1, LRIF1, STORM, Télomère condensation, ATM 
 



 

v 

Contents 

 
 

Acknowledgements ................................................................................................................ i 

Захвалница ............................................................................................................................ ii 

Abstract ................................................................................................................................. iii 

Keywords ............................................................................................................................... iii 

Résumé .................................................................................................................................. iv 

Mots-clés ............................................................................................................................... iv 

 Introduction ................................................................................................... 1 

1.1 Telomere structure and function .............................................................................. 1 

1.1.1 The end replication problem ........................................................................... 1 

1.1.2 The end protection problem ............................................................................ 5 

1.1.3 Transcription at telomeres ............................................................................ 14 

1.1.4 Telomere replication and replication stress ................................................... 14 

1.2 Functions of SMCHD1 and LRIF1 ......................................................................... 16 

1.3 Aim of the thesis .................................................................................................... 19 

 The telomeric DNA damage response occurs in the absence of chromatin 
decompaction .............................................................................................................. 21 

2.1 Abstract ................................................................................................................. 21 

2.2 Highlights .............................................................................................................. 21 

2.3 Author contributions .............................................................................................. 21 

2.4 Apendix to Chapter 2............................................................................................. 38 

 SMCHD1 and LRIF1 promote ATM-dependent DNA Damage signaling and 
repair of uncapped telomeres..................................................................................... 41 

3.1 Abstract ................................................................................................................. 41 

3.2 Highlights .............................................................................................................. 41 

3.3 Author contributions .............................................................................................. 41 

 Conclusions and perspectives .................................................................. 61 

References ............................................................................................................................ 65 

Curriculum vitae ................................................................................................................... 78 





 

1 

Introduction 
1.1 Telomere structure and function 

Although telomeres are found at chromosome ends it was clear very early that they play a central role 
in maintaining the stability of linear genomes. The term telomere (Greek. telos-end, meros-part) was coined in 
1938 by a prolific researcher Herman Müller. In his studies of X-ray induced DNA-breaks, he noticed that the 
ends of the chromosomes were similar to a protective cap never susceptible to changes such as inversions or 
deletions (Müller, Hermann, 1938). Around the same time, Barbara McClintock performed seminal experiments 
in maize also using X-ray irradiation and the observable variegation in color of maize kernels to ask what the 
fate of broken chromosomes is. She observed that depending on where the break occurs, broken chromo-
somes could initiate a repeated breakage-fusion-breakage cycle or be stabilized and propagated. The stabili-
zation of broken ends was especially observable in the germline, although it happened in the endosperm with 
low frequency (McClintock, 1939, 1941). These early experiments had been the basis for defining what we 
now call the end protection problem. How the ends perform their protective function remained an enigma until 
the molecular structure of the chromosome end was cracked. Another puzzle that intrigued researchers inter-
ested in DNA metabolism in the 1970’s was how the end of the chromosome was replicated. Leonard Hayflick 
observed that somatic cells when cultured have limited replication potential and stop dividing after approxi-
mately 50 divisions (Hayflick, 1965). This phenomenon is now known as Hayflick limit or replicative senes-
cence. To explain this observation Russian theoretical biologist Olovnikov proposed a theory of marginotomy 
(Olovnikov, 1971). He suggested that due to imperfection in the replication machinery the ends of the DNA 
template would shorten with each replication cycle. He envisioned two possible mechanisms for this shorten-
ing. One is that the DNA polymerase used for replication would have a catalytically inactive zone so that the 
terminal template segment lying in this dead zone would not be replicated. Another takes into account the 
requirement of some polymerases to use an RNA primer and that the final replica will be shorter for the length 
of that primer (Olovnikov, 1973). The latter theory was further developed by James Watson and formulated as 
what we know today to be the end replication problem (Watson, 1972). Interestingly, Olovnikov proposed that 
with each division the end genes (he called them “telogenes”) will be shortened and that these end genes will 
have a special feature to enable them to be used as “buffers” and be sacrificed without consequences during 
successive mitoses. Although these two problems related to telomere biology were postulated very early in 
the scientific journey through the ends of linear chromosomes, there was no mechanistic explanation how 
these problems are solved by the cells. As many things related to genome biology answers to these questions 
came primarily from knowing the DNA sequence of chromosome ends. The following chapters will dive into 
the experiments that enabled us to explain how telomeres solve the end protection and the end replication 
problem. 

1.1.1 The end replication problem 

The nature of the end replication problem became apparent when we learned that replicative DNA 
polymerases can synthesize DNA in the 5’ to 3’ direction and that they require a free 3’-OH group stemming 
from an RNA primer to initiate synthesis. As explained in Figure 1, due to the inherent imperfections of the 
replication machinery, the synthesis can’t be initiated de novo, and after the completion of semi-conservative 
replication the terminal RNA primer is removed. This leads to the formation of a gap at the 5’ end and loss of 
DNA sequence. The emergence of this problem prompted scientists to infer that there might be specialized 
factors dedicated to solve this difficulty. But to fish out these factors the nature of the “telogene” had to be 
understood. By using an inhabitant of freshwater ponds Tetrahymena thermophila, Elizabeth Blackburn was 
able to derive the terminal sequence flanking the extrachromosomal palindromic rDNAs. She found that the 
sequence was 5’-TTGGGG-3’, but most surprisingly she observed that this sequence was tandemly repeated 
between 20 and 70 times and seen as a heterogeneous smear of fragments on agarose gels (Blackburn and 
Gall, 1978). This turned out to be a general feature of telomeres conserved throughout the tree of life with few 



 

 

2 

exceptions (such as in Drosophila melanogaster (Pardue et al., 1996)) suggesting that this might be an ances-
tral mechanism for the stabilization of linear genomes. Addition of this sequence to yeast artificial chromosome 
DNA (YAC) stabilized this DNA after transformation and allowed for isolation of the yeast telomere sequence. 
But interestingly, over time the Tetrahymena sequence was extended by the addition of yeast telomeric se-
quence, opposite of what the end replication problem model was predicting  (Shampay et al., 1984; Szostak 
and Blackburn, 1982; Walmsley et al., 1984). This lead the authors to propose that there might be some en-
zyme with a terminal-transferase activity that would be capable of de novo nucleotide addition to the chromo-
some ends. The fraction with enzyme activity was isolated by Carol Greider and the enzyme turned out to be 
a specialized ribonucleoprotein complex called telomerase (Greider and Blackburn, 1985). Ciliated organisms 
proved to be a great model organism to isolate this enzyme because they contain an unusually large number 
of chromosomes and are abundant in telomerase (reviewed in Prescott, 1994). Telomerase core that catalyzes 
the addition of new telomeric sequence consists of an RNA moiety that is used as a template and protein 
subunit that catalyzes the formation of the phosphodiester bond (Greider and Blackburn, 1987; Pfeiffer and 
Lingner, 2013).  

Figure 1.  The end replication problem. A) The model for the end replication problem proposed by James 
Watson. The leading strand (pink line) is continuously synthesized by DNA polymerase in 5’ to 3’ direction. 
The lagging strand (cyan lines) is discontinuous and is synthesized by the formation of Okazaki fragments with 
an RNA primer at the beginning of each (wavy black line). The lagging strand is then processed by removal of 
the RNA primers, DNA polymerase-alpha primase dependent fill in and ligation. This process leads to removal 
of the terminal RNA primer and the emergence of a gap at the position of the primer. The final result is a partial 
loss of DNA sequence in the newly synthesized lagging strand.  B) The revised model for the end replication 
problem that takes into account that telomers end in a 3’-overhang.  This model predicts that the end replication 
problem is not a problem of the lagging strand but the leading strand due to nuclease dependent formation of 
the 3’-overhang. Telomeric sequence is lost from the 5’ of the parental strand after nuclease processing.  (Im-
age is adapted from Larissa Grolimund thesis 10.5075/epfl-thesis-6022; Lingner et al., 1995) 
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After the discovery of telomerase and understanding of the basic structure, the main question became what 
the mechanism of telomerase action is. In the search for the mechanism, other conserved features of the 
telomeres themselves became apparent. Telomeres were shown to end in a G-rich overhang at their 3’ end, 
in contrast to the belief that the chromosome ends are blunted (Henderson and Blackburn, 1989; Klobutcher 
et al., 1981). This overhang was shown to be crucial for the extension of telomeres and a preferred substrate 
for telomerase (Lingner and Cech, 1996). A revised model of the end replication problem that incorporates this 
new finding was proposed. In this model, the telomere shortening is a problem of the leading strand due to 
blunting of the end after replication. This blunt end would be processed by nucleases and part of the parental 
C-rich strand would be lost. For the lagging strand it is uncertain if the processing includes simply RNA primer 
removal or some additional steps (Lingner et al., 1995). The traditional and the revised model of the end 
replication problem are shown in Figure 1. 
 
1.1.1.1 Telomerase structure 

 
In spite of the fact that telomerase RNA was isolated shortly after telomerase activity was detected in 

the cell free T. thermophila extracts (Greider and Blackburn, 1989), isolation of the catalytic subunit was chal-
lenging. The first essential protein coding gene whose dysfunction lead to an ever shorter telomeres (est) 
phenotype was identified in Saccharomyces cerevisiae (Lundblad and Szostak, 1989), after which a total of 
four EST genes were shown to exist (Lendvay et al., 1996). Affinity purification of telomerase from the ciliate 
Euplotes aediculatus lead to the identification of the core catalytic subunit of telomerase. This organism is a 
very distant ciliate from T. thermophila but it contains hundreds of times more DNA molecules and therefore 
higher amount of telomerase molecules (Lingner and Cech, 1996). Notably, this study prefaced the discovery 
that the p123 is the core catalytic subunit of telomerase and that it is a reverse transcriptase phylogenetically 
related to those found in retroviruses (Lingner et al., 1997). In addition, this protein was homologous to the 
Est2 protein identified in S. cerevisiae and the homologs of telomerase in human and Saccharomyces pombe 
were also identified (Nakamura et al., 1997), suggesting that this is another highly conserved component in 
telomere biology. 

Today we know that human telomerase reverse transcriptase (hTERT) protein is characterized by 
three main domains. The reverse transcriptase domain was already discussed and it contains palm, fingers 
and thumb subdomains with conserved aspartate required for catalysis (Lingner et al., 1997). TERT RNA 
binding domain (TRBD) is required for binding of the telomerase RNA component and the telomerase essential 
N-terminal domain (TEN) is proposed to stabilize the ssDNA:RNA hybrid used as the substrate for catalysis 
(Akiyama et al., 2015; Lue, 2005). Although this core is sufficient for in vitro function of telomerase, proper 
physiological function is maintained by association with accessory factors such as Dyskerin, NHP2, NOP10 
and TCAB1. These proteins are required for recruitment of telomerase to telomeres, maturation of the RNP 
particle, and stimulation of telomerase activity (Cohen et al., 2007; Cristofari et al., 2007; Freund et al., 2014; 
Venteicher et al., 2009). Telomerase RNA (hTR) has two important functions: to provide the template for telo-
mere synthesis and to act as a scaffold for binding of the TERT subunit and accessory proteins. The RNA 
components of telomerase are divergent in sequence across species but key structural elements are con-
served (Lin et al., 2004). These include the pseudoknot/template (PK/T) domain folded into a triple helical 
structure and essential for interaction with TERT, catalysis and positioning the template into the active site 
(Cash and Feigon, 2017; Qiao and Cech, 2008) and a three-way junction element (CR4/5 domain) also es-
sential for TERT binding catalysis (Mitchell and Collins, 2000). Human TR involves a non-conserved third 
element, the small Cajal body (sca) domain required for binding of dyskerin (the H/ACA subdomain) and the 
Cajal body box (CAB) subdomain required for mediation of telomerase trafficking to Cajal bodies where mat-
uration of the enzyme occurs (Chen et al., 2018; Cristofari et al., 2007; Jády et al., 2004; Venteicher et al., 
2009; Zhu et al., 2004). The major components of telomerase are outlined in Figure 3a. Telomerase possesses 
a unique ability to realign with the same DNA substrate after addition of the first telomeric repeat and continue 
the synthesis. The proclivity of telomerase to continuously add several repeats to the growing DNA chain is 
referred to as Repeat Addition Processivity (Parks and Stone, 2014).  
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1.1.1.2 Consequences of telomerase malfunction 
 

In his premonitory theoretical paper Olovnikov proposed “It seems quite expedient to search for cellular 
factors controlling the mechanisms of marginotomy and antimarginotomy in template synthesis of polynucleo-
tides, which might repress or derepress, correspondingly, genes determining monosegment DNA-polymerase 
and tandem-DNA-polymerase or other means of antimarginotomy. Such factors (“marginotomites” and “anti-
marginotomites”) would, probably, regulate the duration of life of different cell clones and of the organisms 
which are composed of them.” And “Tandem-DNA-polymerases are present in cells capable of unlimited divi-
sion, for example, in tumor cells, in permanent cell lines, in stem cells, in germ cells, and in some other cases.” 
These two excerpts illustrate the importance of telomerase (an “antimarginotomy” factor) in regulating cellular 
lifespan. Early experiments have shown that improper telomere maintenance leads to senescence (Yu et al., 
1990). The latter statement was experimentally confirmed by detecting elevated telomerase activity in highly 
replicating and cancerous cell lines and tissues (Kim et al., 1994) and when the human telomerase protein 
sequence was discovered increased expression of TERT was observed in a human cancer cell line (Nakamura 
et al., 1997). Introduction of telomerase in cultured epithelial cells lead to increased replicative potential ren-
dering them immortal (Bodnar et al., 1998). Thus, limitation of the cellular lifespan is thought to be a major 
tumor suppressing mechanism. Majority of human cancers require telomerase for survival and telomerase 
reactivation is a hallmark of cancer (reviewed in Hanahan and Weinberg, 2000). In addition, when telomerase 
is inactivated, other pathways may arise to circumvent the problem of telomere maintenance, as was first 
shown in bakers yeast (Lundblad and Blackburn, 1993). A small percentage of cancers (about 12-14%) is 
telomerase negative and depends on a recombination based Alternative Lengthening of Telomeres (ALT) 
pathway (Bryan et al., 1997). This discovery suggested that there might be more than one way to go about the 
end replication problem. The exact mechanisms by which the ALT pathway operates are largely unclear but 
the initial observation that a tag inserted into the telomere can be copied to multiple other telomeres in telomer-
ase negative cells suggested that the ALT occurs via homologous recombination (Dunham et al., 2000). Fur-
thermore, association of telomeres with HR proteins (including Rad51, Rad52, BRCA1, MRN complex, BLM, 
SLX4) in ALT cells strengthens this model and suggests that telomeres are copied from sister chromatids by 
a sequence of typical HR events such as strand invasion, polymerization, and resolution of the HR intermediate 
structures (reviewed in Pickett and Reddel, 2015). Hallmarks of ALT cancer cells are recombination-based 
telomere lengthening mechanism, high telomere length heterogeneity, high level of telomere sister chromatid 
exchanges (t-SCE), association of telomeres with promyelocytic leukemia (PML) bodies, increased levels of 
extrachromosomal telomeric repeat DNA (ECTRs), disrupted structure of the telomeric chromatin, and frequent 
loss of chromatin modifiers ATRX and DAXX (reviewed in Dilley and Greenberg, 2015). Understanding these 
specificities of ALT cancers allowed for investigation of the occurrence frequencies of ALT positive cancers in 
patient cohorts and opened new avenues for exploring therapeutic targets that would specifically eliminate 
cancer cells by disrupting a crucial mechanism required for autonomous cell survival. 

 In the same way that telomerase hyperactivity if not regulated can be detrimental to the normal func-
tioning of an organism, malfunction in telomerase and its accessory subunits as well as telomere binding pro-
teins can give rise to several human diseases. These are called telomeropathies and include dyskeratosis 
congenita (DC), Coats plus, the Werner syndrome, ICF (immunodeficiency, centromeric instability, facial 
anomalies) syndrome, Idiopathic pulmonary fibrosis and Bloom’s syndrome (reviewed in Lansdorp, 2009; 
Townsley et al., 2014). 
 
1.1.1.3 Telomerase regulation mechanisms 

 
Because of the fact that both overly active and impaired telomerase can have pathological impact it is 

clear that its action has to be tightly regulated. The expression of telomerase is restricted to embryonic and 
highly proliferative tissues (Wright et al., 1996) by transcriptional repression of the hTERT gene (Cong et al., 
1999, 2002) while hTR remains ubiquitously expressed. Telomerase should act at telomeres only in the S-
phase of the cell cycle and it has been shown that during interphase it is confined to specialized nuclear 
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structures called Cajal bodies (Jády et al., 2006; Tomlinson et al., 2006). Upon maturation in Cajal bodies 
telomerase has to be recruited to telomeres through interaction with the TEL-patch domain of TPP1 (Abreu et 
al., 2010; Nandakumar et al., 2012; Sexton et al., 2014). Although the ssDNA binding telomeric protein Pro-
tection of Telomeres 1 (POT1) inhibits telomerase in vitro by binding to telomerase substrate (Kelleher et al., 
2005; Lei et al., 2005), in association with TPP1 it increases telomerase repeat processivity several fold in vivo 
(Latrick and Cech, 2010; Wang et al., 2007). One of the negative regulators of telomerase action at telomeres 
is the trimeric protein complex CST (CTC1-STN1-TEN1). This complex binds at the end of S-phase and it is 
thought to bind at already extended telomeres to ensure that only one extension event per telomere would 
occur (Chen et al., 2012). Therefore, it acts as a terminator of telomerase activity. Lastly, the telomere itself is 
a regulator of telomerase activity. Human telomeric proteins TRF1 and TRF2 are the negative regulators of 
telomerase in cis by providing a counting mechanism similar to the one described for the yeast telomeric 
protein Rap1(Marcand et al., 1997; Smogorzewska et al., 2000).  It has been observed that telomere length in 
different organisms and telomerase-positive cell lines is maintained in a very limited range. The telomere length 
homeostasis is a balance point between telomere elongation and telomere shortening events. Until recently, 
we thought the only shortening event that was happening at the telomere was passive attrition due to the end 
replication problem. But a new protein called Telomeric Zinc Finger Associated Protein (TZAP) was discovered 
to bind to over elongated telomeres when the density of the shelterin proteins is lowered (Grolimund et al., 
2013). The binding of TZAP unlocks an active trimming pathway to prevent accumulation of aberrantly long 
telomeres (Li et al., 2017). A summary of how different telomere proteins regulate telomerase is depicted in 
Figure 5a. 

Although discovery and cloning of human telomerase components were fueled simply by interest in 
basic biological questions, they have accelerated discovery in basic research by providing valuable tools for 
scientists and have a tremendous impact on understanding human physiology and pathology. 

1.1.2 The end protection problem 

1.1.2.1 Introduction to mammalian DNA damage response pathways 

 
Deoxyribonucleic acid (DNA) is an extremely stable molecule and it is possibly for that stability, among 

other things, that it was selected during evolution to be the carrier of genetic information. Despite that, different 
kinds of chemical and physical stresses are constantly threatening to affect the integrity of DNA and therefore 
pose a threat to faithful information transfer through generations. To cope with this, cells have evolved a highly 
coordinated network of molecular interactions collectively called DNA damage response (DDR) and repair 
signaling pathways. This network involves the ability of cells to sense DNA lesions, to signal and transduce 
the information to effectors involved in repair, to block cell cycle progression and to eliminate cells with unre-
pairable lesions (Figure 2). The importance of DDR mechanisms is highlighted by the fact that mutations in 
some of the components of the pathway cause genomic instability which is the basis of several different con-
genital diseases and hallmark of virtually all types of cancer (reviewed in Jackson and Bartek, 2009). 
The major operators of the DDR signaling networks in eukaryotes are three kinases that belong to the Phos-
phatidylinositol-3 kinase-related kinases (PIKKs). This family of kinases responds to different kinds of cellular 
stresses including DNA damage (reviewed in Lempiäinen and Halazonetis, 2009; Lovejoy and Cortez, 2009). 
The family includes ATM (Ataxia-telangiectasia mutated), ATR (ATM- and Rad3-related) and DNA-PKcs (DNA-
dependent protein kinase), among others. In response to various types of DNA damage ATM and ATR phos-
phorylate thousands of substrates important for DNA repair or signaling at conserved serine and threonine 
residues followed by Gln (SQ/TQ motifs), while DNA-PKcs have a more modest range of interactors and are 
required for Non Homologous End Joining (NHEJ) (reviewed in Bakkenist and Kastan, 2004). In addition, they 
start the second cascade of phosphorylation events through activation of Chk1 (ATR-dependent), Chk2 (ATM-
dependent) and MK2 protein kinases (Liu et al., 2000; Matsuoka et al., 1998; Reinhardt et al., 2007). This 
leads to delayed cell cycle progression via destabilizing phosphorylation of Cdc25A phosphatase required to 
remove inhibitory phosphate groups from Cyclin Dependent Kinases (CDKs) (Mailand et al., 2000; Sanchez 
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et al., 1997). Although ATM and ATR phosphorylation networks overlap to some extent, these two kinases act 
in distinct contexts and are activated by different types of DNA lesions (reviewed in Marechal and Zou, 2013).  

ATM kinase is activated at sites of double strand breaks (DSB) (reviewed in Marechal and Zou, 2013; 
Shiloh and Ziv, 2013). Double strand break lesions occur when both strands of the DNA molecule are simul-
taneously broken at proximal sites in the backbone. These lesions can arise as direct consequence of telomere 
uncapping, physical damage (such as γ-Irradiation) and damage induced by chemicals or indirectly when DNA 
replication machinery encounters another lesion.  
 

Figure 2.  Generalized scheme of the DNA damage response signal-transduction cascade.  
Different types of genotoxic lesions that are primary signals for DNA damage response activation are depicted 
under signals (double strand DNA breaks, replication stress and ssDNA lesions, base modifications, bulky 
DNA lesions, DNA nicks and interstrand crosslinks). These signals are recognized by dedicated sensory mol-
ecules that have specificity for a certain type of lesion. After the lesion is sensed molecules that transfer the 
information about the occurrence of a problem and locally amplify the signal are recruited and activated. The 
signal is transferred to effector molecules that will act to repair the lesion, to ones that will block the cell cycle 
progression until the repair happens, and in case of a prolonged and unresolved problem to molecules that 
will eventually lead the cell into senescence or apoptosis.  
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If not repaired correctly they can have deleterious consequences such as chromosome translocations or loss 
of chromosome parts and start a vicious cycle of breakage-fusion-breakage ultimately leading to tumorigenesis 
or cell death (McClintock, 1939). Interestingly, there are certain physiological processes that require orches-
trated double strand break induction as part of their mechanism of action. These include the meiotic recombi-
nation events, where DSBs are required to initiate crossing over and  V(D)J  and class switch recombination 
pathways which are important for the generation of B- and T- receptor variability in the cells of the immune 
system (reviewed in Lukaszewicz et al., 2018). The first responder at DSBs is the MRN (Mre11-NBS1-RAD50) 
complex and thus it acts as a sensor for this type of lesions. Purified MRN complex binds directly to DSBs with 
nanomolar affinity (Lee and Paull, 2004, 2005; Lee et al., 2003). The exact mechanism of ATM activation by 
MRN is not fully understood. ATM under normal conditions exists as an inactive dimer and upon MRN binding 
to dsDNA ATM is autophosphorylated at S-1981 which leads to monomerization. In the initial in vitro experi-
ments activation of ATM by MRN requires free dsDNA ends or ds ends with short ss-overhangs and is stimu-
lated in DNA length-dependent manner (Lee and Paull, 2005; Shiotani and Zou, 2009). Within the complex, 
MRE11 binds to the DNA end and also interacts with ATM, and NBS1 interacts with ATM through its C-terminal 
domain. How the signal is transmitted through this molecular network is unclear but DNA-binding dependent 
conformational changes might provide one explanation (Falck et al., 2005; Schiller et al., 2012). ATM recruit-
ment and activation might also be chromatin context dependent. Although ATM knock out in human cells is 
not lethal, upon DSB induction only about 20% of the breaks are dependent on ATM for repair. These breaks 
are occurring in the context of heterochromatin where ATM might be activated by Tip60 dependent acetylation 
(Sun et al., 2005). Heterochromatin DSBs are repaired much slower than ones occurring in euchromatin due 
to the incrased complexity of the chromatin surrounding the break. Upon ATM activation in heterochromatin, 
ATM phosphorylates Krüppel-associated box (KRAB)-associated protein (KAP1) which aids in dissociation of 
Heterochromatin Protein 1 (HP1) and consequent exposure of H3K9me3 histone mark which acts as a sub-
strate for Tip60 binding. This creates a positive feedback loop and enables maximal ATM activation (Ayoub et 
al., 2008; Bolderson et al., 2012; Goodarzi et al., 2008a; Noon et al., 2010). ATM activation unleashes a cas-
cade of events at the chromatin site of the DSB and within the nucleus to regulate proper DNA repair and 
checkpoint activation (Figure 3a). At the chromatin side, first substrate of ATM is a histone variant H2AX that 
is phosphorylated at S-139 and is referred to as γ-H2AX (Rogakou et al., 1998). This form of H2AX is recog-
nized by the BRCT domain of Mediator of DNA damage Checkpoint 1 (MDC1) and this binding promotes 
further H2AX phosphorylation through direct interaction with ATM and interaction with NBS1. This allows the 
spreading of DNA damage signal sometimes even hundreds of kilobases away from the original site of the 
DSB (Meier et al., 2007). MDC1 bound to chromatin and phosphorylated by ATM is recognized by E3 ubiquitin 
ligase RING Finger 8 (RNF8) which ubiquitylates H2AX/ γH2AX. This is further recognized by another E3 
ubiquitin ligase RING Finger 168 (RNF168) and these chains serve as docking molecules for other repair 
proteins such as 53BP1 and BRCA1. Synchronous accumulation of MDC1, RNF8, RNF168 and 53BP1 is 
readily detectable in cytological experiments as appearance of DNA damage induced foci or irradiation induced 
foci (IRIF) (Doil et al., 2009; Huen et al., 2007; Kolas et al., 2007; Lukas et al., 2011; Mailand et al., 2007; 
Mattiroli et al., 2012; Moudry et al., 2012). The exact role of IRIFs was unclear because deletion of H2AX and 
inability to form IRIFs did not lead to increased DDR sensitivity, did not affect DDR signaling by ATM and 
genome stability. Only recently trough work on telomeres and on V(D)J recombination it has been understood 
that these foci, specifically 53BP1 binding, are required for chromatin mobility at the site of DSBs. Increased 
mobility enhances the chances of finding the appropriate end for DNA repair to occur efficiently (Difilippantonio 
et al., 2008; Dimitrova and de Lange, 2006a; Dion et al., 2012; Lottersberger et al., 2015). After the DNA 
damage signal has been transduced and all the necessary signaling factors recruited, the DNA break can be 
repaired by one of two major DNA repair mechanisms, NHEJ or Homology directed Repair (HR). Classical 
NHEJ is mediated by the Ku70/Ku80 complex required to physically keep separated DNA ends together and 
recruit the XRCC4- XLF- Ligase 4 complex, DNA PKcs, and accessory proteins to mend the broken ends. 
Interestingly, a strict inhibition of the  c-NHEJ pathway during mitosis is mediated by inhibitory phosphorylation 
of the E3 ubiquitin ligase RNF8 by CDK1 kinase, in order to prevent aberrant sister telomere fusions (Orthwein 
et al., 2014). Several alternative NHEJ mechanisms that do not depend on the Ligase 4 complex have been 
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described and they are dependent on the existence of short microhomology domains for repair to occur (re-
viewed in Hustedt and Durocher, 2017). Homologous recombination, on the other hand, requires a template 
sequence for repair and therefore its action is restricted to S/G2 phases of the cell cycle. For the DNA to be 
able to find a homologous sequence a resection process dependent on CtIP, Exo1, and Dna2 leads to a 
formation of a long 3’ overhang that is used for homology search and invasion (Sartori et al., 2007; Takeda et 
al., 2007; Tomimatsu et al., 2012; Wawrousek et al., 2010). Pathway choice between these two types of repair 
is under regulation by the recently discovered 53BP1-Rif1-Rev7-Shld-CST molecular network (Barazas et al., 
2018; Dev et al., 2018; Ghezraoui et al., 2018; Gupta et al., 2018; Mirman et al., 2018; Noordermeer et al., 
2018). Initial experiments investigating the early steps of the DDR signaling cascade have established that 
chromatin modifications at DSBs and subsequent binding of 53BP1 are pivotal for limiting resection by coun-
teracting the action of beforementioned nucleases via unknown mechanisms. Interestingly, it became clear 
that 53BP1 and BRCA1, an HR protein frequently mutated in breast cancers, act in opposing ways in control 
of end resection as the embryonic lethality, tumor predisposition and HR defects in BRCA1-null mouse models 
were efficiently rescued by 53BP1 removal (Bouwman et al., 2010; Bunting et al., 2010; Cao et al., 2009). 
These findings are even more important in the light of the seminal studies that have revealed that 
BRCA1/BRCA2 deficient cancer cells are sensitive to treatment with Poly(ADP)-ribose polymerase (PARP) 
inhibitors (Bryant et al., 2005; Farmer et al., 2005) and that 53BP1 loss can confer resistance to this treatment. 
Further investigation revealed two additional factors acting downstream of 53BP1 to prevent DNA end resec-
tion, Rif1 and Rev7 (MAD2L2) acting in response to DNA damaging agents, at uncapped telomeres and in the 
physiological process of class switch recombination (Boersma et al., 2015; Chapman et al., 2013; Xu et al., 
2015; Zimmermann et al., 2013).  By studying the interactomes of 53BP1 and Rev7 (Ghezraoui et al., 2018; 
Gupta et al., 2018) and by synthetic lethal CRISPR-based genetic screens in BRCA1 deficient cells treated 
with PARP inhibitors (Barazas et al., 2018; Dev et al., 2018; Noordermeer et al., 2018) additional proteins 
c20orf196 (Shld1), FAM35A (Shld2), and CTC-534A2.2 (Shld3), collectively called the shieldin complex, were 
discovered. Loss of the components of the shieldin complex phenocopied the loss of 53BP1 and resulted in 
defective class switch recombination, conferred PARP inhibitor resistance in BRCA-deficient cells and de-
creased the frequency of telomere fusions upon uncapping. Biochemical analysis of the shieldin complex re-
vealed that shieldin components are the missing link connecting Rif1 to Rev7, specifically that Shld3 interacts 
with Rif1 and Shld2, which in turn interacts with Rev7 and Shld1 (Gupta et al., 2018). Additionally, Shld2 has 
an OB-fold domain through which it can bind ssDNA thus providing a bridge between chromatin and ssDNA 
at DSB sites. As the complex doesn’t possess intrinsic enzymatic activity the mechanism by which it prevents 
resection was still unclear. Considering that telomeres are a good model to study pathway choice, Mirman Z. 
and colleagues set out to investigate whether active fill in rather than nuclease inhibition was responsible for 
preventing extensive resection genome wide, similarly to the telomeric mechanism of 3’-overhang mainte-
nance. At telomeres, the CST complex recruits polymerase α-primase for fill-in synthesis of resected 3’-over-
hangs and, interestingly, Rev7 and shieldin removal also lead to increased resection at uncapped telomeres. 
On the other hand, the CST complex was epistatic with shieldin for 3’-overhang maintenance and was recruited 
to sites of DSBs in Rev7-Shld dependent manner, and yeast-two hybrid screens revealed that the two com-
plexes interact through multiple direct interactions. In addition, polymerase α-primase was also recruited to 
damaged DNA and its activity was required for radial chromosome formation in BRCA1 deficient cells treated 
with PAPR inhibitors suggesting that indeed the CST- polymerase α-primase complex actively counteracts 
DNA end resection by continuous fill-in synthesis (Mirman et al., 2018). To completely corroborate this model, 
additional experiments that aim to detect the polymerase α-primase driven DNA synthesis need to be per-
formed (reviewed in Greenberg, 2018). These groundbreaking studies have deepened our understanding of 
how cells make the choice which pathway will be employed to resolve an emergent DSB and more importantly 
identified novel factors that might affect and contribute to resistance of cancers treated with PARP inhibitors 
enabling thus tools for better stratification of cancer types in the clinic. 
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Figure 3.  Genome wide DNA damage response to double stranded DNA breaks and ssDNA gaps.  
A) Schematic depicting cascade of events upon the occurrence of double stranded DNA break. The break is 
sensed by a trimeric protein complex MRN (Mre11, Rad50, NBS1). Upon MRN binding, PIKK3 kinase ATM is 
brought to the double strand break (DSB) and activated by interaction with MRE11. After binding to MRN, ATM 
is autophosphorylated at S1981 and this leads to dissociation of the inactive homodimer. ATM then transduces 
the signal locally at the chromatin level leading to the formation of Ionizing Radiation Induced Foci (IRIFs) and 
to downstream effectors such as CHK2 and p53 through a cascade of phosphorylation and ubiquitination 
events. The final result is cell cycle progression block. B) Schematic depicting cascade of events when ssDNA 
region is exposed because of e.g. replication stress. The lesion is sensed by ssDNA binding protein RPA. 
Binding of several RPA molecules leads to recruitment of the ATR-ATRIP complex. Upon binding ATR phos-
phorylates itself in trans and this leads to recruitment of downstream effectors. In addition, RPA-ssDNA pro-
motes loading of the Rad9-Hus1-Rad1 (9-1-1) complex at the junction between ss and dsDNA. This recruits 
TopBP1 by interaction with phosphorylated Rad9 and leads to full-blown ATR activity. This multistep process 
ensures that ATR is activated only when two different features (ssDNA and ssDNA-dsDNA junction) are pre-
sent and is not aberrantly activated by any ssDNA present in the cell. (Image is adapted from Marechal and 
Zou, 2013; Palm and de Lange, 2008). 
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ATR kinase is activated by a variety of different lesions and it took some time to discover what was 
the common molecular determinant for all of them. Unlike ATM, loss of ATR is embryonically lethal in mouse 
cells and lethal in cultured human cell lines (Brown and Baltimore, 2000, 2003; Cortez et al., 2001; de Klein et 
al., 2000). Today we know that this lethality likely stems from the essential role of ATR in DNA replication 
surveillance mechanisms. Major downstream substrates of ATR in addition to Chk1 and other effector kinases 
include proteins that are present at DNA replication origins and replication forks in order to regulate the stability 
of replication forks and to ensure faithful genome duplication (reviewed in Saldivar et al., 2017). The common 
denominator of DNA lesions at damaged or stalled replication forks, lesions stemming from DNA interstrand 
crosslink, DNA mismatch repair and base excision repair is generation of a long stretch of ssDNA that can be 
coated by a heterotrimeric protein complex collectively called Replication Protein A (RPA). This complex is 
composed of three subunits RPA32-RPA70-RPA14 which bind tightly (app. 10-9-10-10M affinity) to ssDNA with 
defined 5’-3’ polarity trough their oligonucleotide/oligosaccharide-binding (OB) fold domains (reviewed in Ma-
réchal and Zou, 2015). Therefore, RPA is a sensory molecule for DNA lesions that include a long patch ssDNA 
intermediate. Upon binding of a sufficient number of RPA molecules, an obligate ATR and ATR Interacting 
Protein (ATRIP) complex is recruited to the site of the lesion through direct interaction of ATRIP with RPA 
(Zou, 2003). When bound to RPA through ATRIP, ATR is activated by autophosphorylation in trans at T-1989. 
This step is necessary but not sufficient for maximal ATR activation as there are several layers of control for 
full-blown ATR signaling response (Figure 3b). The lesion is also bound at the ssDNA-dsDNA junction by 
Rad17-RFC2-5 clamp loader and with assistance from RPA they recruit the Rad9- Hus1-Rad1 (9-1-1) complex 
through interaction with Rad17 (Ellison and Stillman, 2003; Lee and Dunphy, 2010). ATR then phosphorylates 
the components of the 9-1-1 complex and phosphorylation of Rad9 and phosphorylation independent recruit-
ment of RHINO engage TOPoisomerase Binding Protein 1 (TopBP1) at the site of the break (Cotta-Ramusino 
et al., 2011; Delacroix et al., 2007; Lee and Dunphy, 2010). TopBP1 binds the autophosphorylated site of ATR 
strengthening its association with the site of the lesion and stimulates its activity (Liu et al., 2011; Nam et al., 
2011). This multistep fail-safe mechanism of ATR activation ensures that the activation occurs only in the 
presence of ssDNA and ssDNA-dsDNA junctions and not anytime RPA encounters ssDNA within the cell. ATR 
and ATM dependent DNA damage responses are not completely mutually restrictive but there is a certain 
amount of crosstalk between the two kinases both directly through phosphorylation of each other or through 
phosphorylation of mutual targets such as H2AX  (Stiff et al., 2006). They can also influence the localization 
of each other by phosphorylating chromatin targets and regulating resection at the DSBs (Jazayeri et al., 2006; 
Myers and Cortez, 2006). This may provide certain redundancy during the DNA damage signaling cascade to 
ensure proper repair of the lesion and can lead to greater amplification of the signal at unrepairable sites. 

1.1.2.2 Latest view on mammalian chromosome ends 

Mammalian telomeres are composed of long arrays of 5’-TTAGGG-3’ tandem repeats that protrude in 
a 50-300 bp long 3’-overhang (Henderson and Blackburn, 1989; Moyzis et al., 1988).  The overhang sequence 
at it’s 5’-end is strictly defined to be ATC-5’ while the 3’-end is more inconsistent in sequence (Sfeir et al., 
2005). Human telomeres have variable telomere lengths within the range of 5-15 kb, while in Mus musculus 
telomeric tracts can be considerably longer reaching up to 50 kb. Proximal to the telomere there is an array of 
degenerate telomeric repeats which extend towards the subtelomere. The subtelomeric sequences of human 
telomeres are poorly characterized due to high sequence similarity between subtelomeres of different chro-
mosomes (Figure 4a). A generally conserved feature of subtelomeres is the presence of so-called 61- 29 - 37 
repeat tracts that are methylated (Nergadze et al., 2009). 

Knowledge of the sequence of human telomeric DNA has enabled researchers to isolate factors that 
have a direct binding affinity for telomeric repeat sequence. Two such factors that bind as dimers at the double 
stranded portion of telomeric repeats are Telomeric-repeat binding factor 1 (TRF1) and Telomeric-repeat bind-
ing factor 2 were discovered in pull down experiments using the telomeric sequence as a bait (Bilaud et al., 
1997; Broccoli et al., 1997; Chong et al., 1995; Zhong et al., 1992). TERF1-interacting nuclear factor 2 (TIN2) 
was discovered in a yeast two hybrid screen as an interacting factor of TRF1 but it also binds TRF2 (Broccoli 
et al., 1997). TIN2 is bound by TPP1 (consensus from TINT1, PTOP, PIP1) and recruits the only single 
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stranded binding protein of the complex Protection of Telomeres 1 (POT1). Interestingly POT1 is one of the 
most conserved proteins in the human complex, alongside the TRF2 interacting protein RAP1(Baumann and 
Cech, 2001). Collectively this set of 6 proteins clearly demarcates the end of the DNA as a telomere and is 
called shelterin (Figure 4b) (reviewed in de Lange, 2005). 
 Alongside a specific sequence and a specifically bound protein complex, the telomeric chromatin is 
also characterized by specialized structures. It has been observed that telomeres can fold into a lasso like 
structure by invading the duplex DNA using the free 3’-end to displace one strand of telomeric DNA. This 
structure resembles a recombination intermediate and is named t-loop (Figure 4c). The formation of this lariat-
like structure is dependent on the shelterin protein TRF2 (Doksani et al., 2013; Griffith et al., 1999). In addition, 
telomeres, as the rest of the DNA, are packed into nucleosomes but these nucleosomes at shorter telomeres 
have reduced nucleosomal repeat length and increased sensitivity to Micrococcal nuclease (MNase) digestion 
(Pisano et al., 2007; Tommerup et al., 1994). Interestingly these specialized features of telomeric nucleosomes 
are lost at elongated telomeres and they start to resemble canonical heterochromatin. Telomeric histones are 
enriched in heterochromatic marks such as H3K9me3 and H3K27me3 and are bound by the Heterochromatin 
Protein 1 (HP1). Modifiers of chromatin state at telomeres are highly important for regulating telomere length 
and other aspects of telomere physiology (reviewed in Blasco, 2007). 

1.1.2.3 Introduction to the end protection problem 
 
Early experiments performed by Barbara McClintock and Herman Müller established that the telomeres be-
have differently from broken chromosome ends (McClintock, 1941; Müller, 1938). In addition, Blackburn and 
Szostak observed that linear DNA introduced into S.cerevisiae is unstable and is integrated into the host ge-
nome by recombination. When telomeres were added to this piece of DNA it was stabilized and no integration 
was observed (Szostak and Blackburn, 1982).  How exactly telomeres confer stabilization of natural ends of 
linear DNA and why are they resistant to processing by the DNA repair machinery was the other fundamental 
question in telomere biology. Furthermore, we know today that the site of a DNA lesion is recognized by fine-
tuned molecular sensors and that this signal activates a pathway responsible to block cell cycle progression 
(reviewed in Marechal and Zou, 2013; Weinert and Hartwell, 1988). Since telomeres are in essence one half 
of a double strand break it was unclear why they do not activate the DDR pathway and induce persistent cell 
cycle arrest and apoptosis. This paradox is defined as the end protection problem and after many years of 
investigation it has become apparent that is solved by the shelterin complex. How different subunits of the 
shelterin contribute to the end protection problem will be further discussed and is outlined in Figure 5b. 

1.1.2.4 ATM kinase dependent DDR pathway at telomeres 
 
In their physiological state telomeres do not elicit an ATM kinase mediated DNA damage response. But when 
the function of certain shelterin components is undermined by telomere shortening or mutations in certain 
components of the complex this unleashes a deleterious DNA damage signaling cascade that ends in apop-
tosis or senescence. Critically short telomeres elicit an ATM dependent signaling response due to loss of 
binding sites for telomeric proteins (d’Adda di Fagagna et al., 2003, 2004).  When telomerase is inactivated in 
human cells, attrition of telomeric sequence leads to a state called crisis with persistent ATM activation. Some 
cells manage to escape this crisis (similar to survivors in yeast) and are characterized by Ligase 3 dependent 
joining of telomeres and inactivation of several major checkpoint signaling proteins (reviewed in Arnoult and 
Karlseder, 2015; Hayashi et al., 2015). Deletion of individual shelterin components has revealed that the major 
player in inhibition of ATM-DDR is the shelterin protein TRF2 (Denchi and de Lange, 2007; Karlseder et al., 
1999). Removal of TRF2 leads to ATM dependent accumulation of typical DNA damage markers such as γ-
H2AX, MDC1, and 53BP1 which can be cytologically detected as Telomere dysfunction induced foci (TIFs). 
These foci are very similar, if not identical to already described IRIFs that arise upon DNA double strand breaks 
(Dimitrova and de Lange, 2006a; Takai et al., 2003). Formation of these foci is not cell cycle dependent sug-
gesting that uncapped telomeres pose a threat to the genome at all times (Konishi and de Lange, 2008). Upon 
uncapping, activated ATM is able to phosphorylate downstream targets such as Chk2 and p53 and induce cell  
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Figure 4.  Molecular structure of human telomeres. A) Schematic depicting the double stranded (ds) repeat 
sequence of human telomeric DNA protruding in a 50-300 base long single stranded G-overhang. The 3’-end 
sequence is variable while the 5’ nearly always ends in a defined sequence ATC-5’.  Proximal to the telomeric 
repeats is the degenerate telomeric sequence which extends into the subtelomere towards the middle of the 
chromosome. B) Schematic depicting the core complex bound to chromosome ends dubbed shelterin. The 
complex is composed of two dsDNA binding proteins TRF1 and TRF2, ssDNA binding protein POT1, mediator 
proteins TIN2 and TPP1 and TRF2 interacting protein Rap1. C) Telomeric DNA is bound by the shelterin 
complex and packaged in a specialized Holiday junction like structure called t-loop. Long non-coding RNA-
TERRA is transcribed from subtelomeric promoters.  Bottom image represents a metaphase spread from HeLa 
cells where DNA is stained with DAPI and pseudocolored in cyan and the telomeric DNA is stained with a Cy-
3 labeled (CCCTAA)3 probe and pseudocolored in red. (Image is adapted from Lazzerini-Denchi and Sfeir, 
2016) 
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cycle arrest, apoptosis or senescence. In addition, deprotected telomeres are now aberrantly joined by the 
action of DNA PKcs and Ku70/80-Lig4 complex leading to the formation of dicentric chromosomes observed 
microscopically in metaphase spreads as trains of chromosomes with fused telomeres along them (van Steen-
sel et al., 1998). Because of ATM kinase activation and accumulation of aberrantly joined chromosomes, TRF2 
loss is lethal (Sfeir and de Lange, 2012; van Steensel et al., 1998). If the checkpoint signaling is inactivated by 
removal of p53 or blockage of pRb, cells with dicentric chromosomes will continue to divide and enter the next 
cell cycle with fused chromosomes. This leads to breakage-fusion-breakage cycles and is a very good model 
to study what happens to cells that surpass telomerase inactivation driven crisis and what happens in early 
steps during tumorigenesis. Namely, bridges formed during the separation of sister chromatids at the end of 
mitosis are causative of transient nuclear envelope rupture and are being processed by the cytoplasmic nu-
clease Three prime repair exonuclease 1 (TREX1). Examination of post-crisis clones revealed signatures of 
chromothripsis and kataegis similar to chromothripsis induced by micronucleus formation (Maciejowski et al., 
2015; Zhang et al., 2013, 2015).  

The mechanism by which TRF2 inhibits ATM activation is not fully understood but there are some 
important advances in tackling that question (reviewed in Lazzerini-Denchi and Sfeir, 2016; Palm and de 
Lange, 2008). There are probably several layers of ATM inhibition exerted by TRF2 and one of them includes 
the formation of the t-loop structure. In vitro, TRF2 is able to promote strand invasion and stabilise Holiday 
Junction like structure via its basic domain (Doksani et al., 2013; Griffith et al., 1999; Schmutz et al., 2017). It 
is believed that by tucking the telomere end away from DNA damage sensors TRF2 is able to block aberrant 
activation of the DNA damage signaling cascade. Although a very elegant hyphothesis, it is yet unclear to what 
extent t-loops are physiologically relevant structures and if they contibute to inhibition of DDR. It would be 
interesting to construct a separation of function mutant of TRF2 that is defective for t-loop formation but have 
the other functions preserved to address whether t-loops are indeed protective structures. The other model for 
TRF2 mediated ATM inhibition is through direct protein-protein interactions. It has been shown that TRF2 
interacts with ATM and when tethered to non-telomeric sites of DNA damage it dampens the DDR (Karlseder 
et al., 2004). Additionally, a motif within the TRF2 protein named inhibitor of the DNA Damage Pathway (iDDR) 
is able to inhibit the activity of RNF168 and prevent accumulation of 53BP1 (Okamoto et al., 2013). This two-
layered mode of control of aberrant ATM activation is important because the t-loop has to be unwound during 
S-phase for proper telomere replication to occur and therefore an additional mechanism is important for pro-
tection. In addition, inhibition of a downstream factor in the c-NHEJ pathway functions to protect telomeres 
from unwanted DDR and signaling. Namely, telomeric proteins TRF1, TRF2, and RAP1 are direct interactors 
of Ku70/Ku80 heterodimer which plays a role in c-NHEJ. Interestingly, this complex is constitutively present at 
telomeres and has an important role in telomere maintenance (Ribes-Zamora et al., 2013). 
This fact was conflicting with the requirement of the telomere to suppress c-NHEJ. This conundrum was rec-
onciled when it was discovered that TRF2 directly interacts with the alpha-helix 5 domain of Ku70 required for 
heterotetramerization. This oligomerization of Ku70/80 is required for efficient DDR and by hiding this site, 
TRF2 prevents telomere fusions in the presence of Ku (Ribes-Zamora et al., 2013). Recently it was discovered 
that the only mammalian shelterin with yet undescribed roles at telomeres Rap1, is also important for some 
aspects of telomere end protection. When tethered to telomeres that are depleted of TRF2, it was observed 
that Rap1 is able to prevent telomere fusions suggesting a role for Rap1 in suppressing c-NHEJ that was 
previously masked by the presence of TRF2 (Bombarde et al., 2010; Ribes-Zamora et al., 2013). Interestingly, 
Rap1 also stimulates TRF2-dependent t-loop formation and increases the specificity of TRF2 binding to telo-
meric DNA (Arat and Griffith, 2012; Janoušková et al., 2015). 
Telomeres repress another deleterious repair pathway dubbed Alternative NHEJ (alt-NHEJ). This pathway is 
only evident when telomeres are depleted of TRF2, TPP1-POT1 and Ku70/80 suggesting that its activation is 
a major threat to telomere stability. The pathway is initiated by resection conducted by MRE11 and CtIP fol-
lowed by generation of michromologies that are then repaired with the action of poly(ADP-ribose) polymerase 
1 (PARP1), DNA polymerase θ and DNA ligase III (Kent et al., 2015; Mateos-Gomez et al., 2015, 2017). 
Although implicated in telomere alt-NHEJ, this pathway operates also in HR-deficient tumors and loss of DNA 
polymerase θ leads to increased cell death in these tumors, suggesting a potential avenue for tumor specific 
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treatment (Ceccaldi et al., 2015). In this case, and many others, telomeres become a really important and 
valuable model and tool to study the components of DDR pathways and to explore putative drug targets.  

1.1.2.5 ATR kinase dependent DDR pathway at telomeres 
 

ATR kinase can be activated at telomeres by the protruding ssDNA overhang at its 3’ end. This acti-
vation is counteracted by the shelterin protein that can bind telomeric ssDNA via the OB fold domains (Denchi 
and de Lange, 2007). Although POT1 and RPA (an OB-fold containing protein also) have similar affinities 
towards ss telomeric DNA, it is proposed that tethering of POT1 to telomeres by interaction with TPP1 and the 
rest of the shelterin might increase the local concentration at telomeres and exclude binding of RPA (Takai et 
al., 2011). An alternative model that includes hnRNPA1/TERRA mediated RPA to POT1 switch was also pro-
posed. In this model, during S phase of the cell cycle, the overhang is bound by hnRNPA1 when TERRA levels 
are low. Upon completion of S-phase, TERRA levels peak and are thought to sequester hnRNAP1 liberating 
the 3’-overhang DNA sites for binding of POT1. This study was done with purified proteins and it was shown 
that TERRA stimulated POT1 binding to ssDNA (Flynn et al., 2011).  

1.1.3 Transcription at telomeres 

  Due to their heterochromatic structure and lack of promoter sequences telomeres have been viewed 
as transcriptionally silent regions of the genome. Now we know that most telomeres express a long non coding 
RNA called TERRA for Telomeric Repeat Containing RNA (Azzalin et al., 2007). Transcription of this RNA is 
initiated in the subtelomere by RNA Polymerase II and protrudes up to 400 nucleotides into the TTAGGG tract 
(Feuerhahn et al., 2010; Porro et al., 2010a). It has been shown that TERRA promoter sequences are localized 
in the 61- 29 - 37 repeats which are rich in CpG islands. These islands are methylated by DNMT1 and DNMT3b 
DNA methyltransferases and their methylation is thought to repress transcription (Nergadze et al., 2009; Porro 
et al., 2014a). The CpG islands are also associated with CCCTC-binding factor (CTCF) which is shown to 
have a role in regulating TERRA transcription (Deng et al., 2012). A larger fraction of TERRA molecules are 
not polyadenylated and are chromatin associated, while the polyA positive fraction is nucleoplasmic (Porro et 
al., 2010b). TERRA levels are regulated during the cell cycle with lowest TERRA expression during S phase 
(Porro et al., 2010a). Understanding the exact function of TERRA is one of the great fundamental questions in 
the field of telomere biology. Current views are that TERRA can act as a protein scaffold in various cellular 
processes. For example, TERRA expression is upregulated upon telomere uncapping and is involved in bind-
ing of Lysine specific demethylase 1 (LSD1) to promote processing of the 3’-overhang by MRE11. In addition, 
by recruitment of SUV39H1 TERRA increases heterochromatin formation required for efficient NHEJ (Porro et 
al., 2014b). Although TERRA can have important beneficial functions, there are some aspects where TERRA 
expression and interaction with telomeres can have possibly deleterious consequences (reviewed in Rippe 
and Luke, 2015). Chromatin bound TERRA molecules can invade the telomeric duplex to form DNA:RNA 
hybrids called R-loops. These hybrids if unresolved can potentially impede semi-conservative replication 
through telomeres and lead to replication stress and telomere damage (Arora et al., 2014). Telomeric R-loops 
can promote homology-directed repair between telomeres and become essential in cells where telomere 
maintenance is dependent on recombination events. These include cells with critically short telomeres (Balk 
et al., 2013; Graf et al., 2017) and cancer cells and yeast survivors that depend on the recombinogenic alter-
native lengthening of telomeres (ALT) pathway (Arora et al., 2014; Yu et al., 2014). 

1.1.4 Telomere replication and replication stress 

 
It is only recently that we have become aware that even the semi-conservative replication trough telo-

meres is challenging and it requires specialized factors. The reason for this is that telomeres share several 
features with other difficult to replicate regions in the genome dubbed fragile sites. These regions are often 
places with paucity of origins and poor in dormant origins and therefore unable to rescue collapsed replication 
forks. In addition, they pose several obstacles to replication fork progression such as that DNA is bound and 



 

 

15 

blocked by proteins, the formation of DNA:RNA hybrids and formation of specialized DNA structures (such as 
G-quadruplexes) (reviewed in Lambert and Carr, 2013). In human telomeres of major importance for telomere 
replication is the shelterin protein TRF1, the ortholog of the S.pombe protein Taz1 (Miller et al., 2006; Sfeir et 
al., 2009). Removal of TRF1 leads to expression of a specialized phenotype that in metaphase spreads is 
expressed as an appearance of doublet, smeary and loss of telomere signals and is named fragile telomeres 
(Sfeir et al., 2009). 
 

 
 
Figure 5.  How telomeres solve the end replication and the end protection problem. A) Schematic rep-
resenting the most important components of the shelterin complex required to recruit, stimulate or inhibit te-
lomerase. Telomerase holoenzyme is composed of the telomerase catalytic subunit-TERT, telomerase RNA-
hTR, and accessory proteins Dyskerin (DKC), Telomerase Cajal Body protein1 (TCAB1), NOP10 and NHP2.  
B) Schematic representing the specific roles of the shelterin complex subunits in solving the end protection 
problem. Two main phenotypes resulting from removal of TRF1 (fragile telomeres) and TRF2 (chromosome-
chomosome fusions) are depicted. Details about how telomeres solve the end replication and the end protec-
tion problem are described in the main text. (Image is adapted from Larissa Grolimund thesis 10.5075/epfl-
thesis-6022; Chen et al., 2018; Lazzerini-Denchi and Sfeir, 2016) 
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It is known that this phenotype arises as a consequence of replication stress and is phenocopied by treatment 
of the cells with Aphidicolin, a chemical that decouples the replicative polymerase from the DNA unwinding 
module leading to increased patches of ssDNA and stalled replication forks. The occurrence of this problem 
elicits an ATR-dependent DDR suggesting that TRF1 indirectly inhibits ATR signaling at telomeres by promot-
ing semi-conservative replication. The mechanism by which TRF1 facilitates replication through telomeres is 
still not fully understood but it is known that at least partially it is by recruitment of specialized helicases such 
as Bloom Syndrome Protein (BLM) and Regulator of Telomere Elongation 1 (RTEL1) (Vannier et al., 2012; 
Zimmermann et al., 2014). RTEL1 is required for unwinding the specialized G4-quadruplex DNA structures at 
telomeres and in a separated manner to promote t-loop unwinding in S-phase. The latter function of RTEL1 is 
stimulated by interaction with TRF2, thus implicating also TRF2 in promoting replication at telomeres (Sarek 
et al., 2015). BLM directly associates with TRF1 and is recruited to promote lagging strand synthesis possibly 
also by unwinding the G-quadruplex structures at telomeres (Zimmermann et al., 2014). Interestingly, in the 
occasion of RTEL1 loss telomerase can impede replication by stabilizing reversed forks leading to rampant 
consequences such as telomere fragility and telomere loss (Margalef et al., 2018). Another helicase, Werner 
Helicase (WRN) is also required for promoting lagging strand replication and the defects in this helicase can 
be rescued by expression of telomerase (Arnoult et al., 2009; Crabbe et al., 2004). 

1.2 Functions of SMCHD1 and LRIF1 
LRIF1 (Ligand dependent nuclear receptor-interacting factor 1) 

LRIF1 (also known as HBiX1, RIF1, C1orf103) is a poorly characterized 84.5 kDa large nuclear protein. 
It was initially discovered in 2007 in a yeast two hybrid screen as an interacting protein of human Retinoic acid 
receptor α (RARα). Direct interaction was further confirmed using in vitro translated RARα and immobilized 
GST-LRIF1 pull downs (Li et al., 2007). In this study the authors also showed that the interaction with nuclear 
receptors was hormone independent, that LRIF1 has a bipartite NLS at its C-terminus and that it is localized 
in the nucleus. LRIF1 was implicated to be the part of the nuclear matrix and to negatively regulate the tran-
scriptional activity of RARα possibly through recruitment of histone deacetylases (Li et al., 2007). In an inde-
pendent study, LRIF1 was described as an interacting protein of HP1α in a proteomic screen using Flag-
tagged HP1α in HEK293T cells (Nozawa et al., 2010). LRIF1 interacts with the chromoshadow domain of 
HP1α through its PxVxL motif and a FLAG-tag pulldown of LRIF1 followed by mass-spectrometry revealed 
interaction with the other two subunits of HP1 (β and γ). Surprisingly, SMCHD1 was also identified in this 
experiment to interact with the N-terminal coiled-coil domain of LRIF1.  An in-depth functional characterization 
of these interactions was performed and LRIF1 emerged as an epigenetic regulator of X-chromosome inacti-
vation in the RPE-1 female human cell line. The inactive X chromosome (Xi) or Barr body is an example of 
facultative heterochromatin and is transcriptionally silenced in female cells during gestation. LRIF1 and 
SMCHD1 were shown to localize at the Xi chromosome and this localization to Xi was dependent on Xist 
suggesting that these proteins are dispensable for the establishment of X inactivation. Instead, it was sug-
gested that they play an important role in maintaining X chromosome compaction by linking HP1 bound 
H3K9me3 domains and XIST associated H3K27me3 domains (Figure 6). (Nozawa et al., 2013). Recently, 
LRIF1 was detected at human alpha satellite repeats by HyCCAPP (hybridization capture of chromatin-asso-
ciated proteins for proteomics) using biotinylated alpha satellite capture oligonucleotides in K562 cells and its 
binding was confirmed by ChIP-qPCR suggesting a general function for LRIF1 at heterochromatic loci (Buxton 
et al., 2017). Remarkably, LRIF1 and SMCHD1 were identified at very long telomeres in HeLa 1.2.11 by an 
approach similar to HyCCAPP dubbed Proteomics of Isolated Chromatin segments (PICh) (Déjardin and King-
ston, 2009). Our laboratory also identified these proteins at over-elongated telomeres and at telomeres in 
human fibroblasts by purification of telomeric chromatin using a technique called QTIP for Quantitative Telo-
meric Chromatin Isolation Protocol (Grolimund et al., 2013; Majerska et al., 2018).  
In this study telomere association of LRIF1 was confirmed by chromatin immunoprecipitation (ChIP) of 3xHA-
tagged LRIF1. In addition, these proteins were identified at telomeres by proximity labeling techniques such 
as BioID using overexpressed TRF1 (Garcia-Exposito et al., 2016) or endogenously tagged TRF1 or TRF2 
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(Anna Reis, Gerald Lossaint, personal communication) leading us to think that there might be yet undescribed 
important functions for these proteins at telomeres. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Model depcting SMCHD1 and LRIF1 dependent higher order organization of the inactive X 
chromosome (Image from Nozawa et al, 2013) 
 
SMCHD1 (Structural maintenance of chromosomes hinge domain containing protein 1) 

SMCHD1 is a very large 226kDa protein that is functionally well described as an epigenetic regulator. 
The protein has two conserved domains; the N-terminal GHKL-type ATPase and the C-terminal SMC hinge 
domain which is flanked by two coiled-coils. Due to the high similarity of the SMC-hinge domain to other Struc-
tural maintenance of chromosomes (SMC) proteins, SMCHD1 is considered to be a non-canonical member of 
this family. This protein family comprises cohesins, condensins and SMC5/SMC6 protein complexes with roles 
in sister chromatid cohesion, chromatin condensation and DNA damage repair (reviewed in Losada, 2005; 
Nasmyth and Haering, 2009; Wu, 2012). The ATPase domain, on the other hand, is homologous to the ones 
of DNA gyrase B , HSP90 and bacterial protein MutL (Brideau et al., 2015). SMCHD1 was originally identified 
in an N-ethyl-N-nithrosourea (ENU) screen for variegated expression of GFP transgene in mouse erythrocytes 
(Blewitt et al., 2005). Point mutation produced in the ENU screen was dubbed MommeD1(Modifier of murine 
metastable epialleles 1) and was suspected to lead to nonsense mediated mRNA decay of SMCHD1 mRNA 
phenocopying SMCHD1-null situation.  Further characterization of SMCHD1MommeD1/MommeD1 mutation carrying 
mice revealed that female mice die mid-gestation at embryonic day 10.5 while male mice are viable but only 
half of them survive to weaning. Sex specific embryonic lethality suggested that there might be a critical role 
for SMCHD1 in X-chromosome inactivation which was then confirmed in further studies in both mouse and 
human cells (Figure 6) (Ashe et al., 2008; Blewitt et al., 2008; Nozawa et al., 2013). Furthermore, loss of 
SMCHD1 leads to loss of compartmentalization at the Xi, aberrant Xist spreading and changes in the strength 
of topologically associated domains (TADs) (Wang et al., 2018). In addition to regulating expression of X-linked 
genes, SMCHD1 has been shown to regulate expression of several clusters of autosomal genes, especially 
the ones on the Snrpn and α and β protocadherin loci (Chen et al., 2015; Gendrel et al., 2013; Liu et al., 2016; 
Massah et al., 2014). Some of the functions of SMCHD1 in the regulation of gene expression might be 
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contributed to its role in CpG island methylation (Blewitt et al., 2008; Gendrel et al., 2013). Interestingly, a 
homologous plant protein complex containing GHKL-ATPase and hinge domain on two independent proteins 
was suggested to have a role in RNA mediated DNA methylation (Lorković et al., 2012). Because of its role in 
X-linked and autosomal gene regulation SMCHD1 has been suggested to have a tumor promoting function 
and loss of SMCHD1 was shown to lead to increased tumorigenicity and accelerated tumor growth (Leong et 
al., 2013). Loss of SMCHD1 and other epigenetic regulators did not affect telomere length in female and male 
mice in vivo (Roberts et al., 2011). Recently, heterozygous mutations in SMCHD1 have been associated with 
the pathogenesis of two very different diseases Fasioscapulohumoral Muscular Dystrophy (FSHD) and Bosma 
Arhinia Micropthlamia Syndrome (BAMS) (reviewed in Jansz et al., 2017; Wilkie, 2017). FSHD is a common 
muscular dystrophy affecting the facial muscles and upper extremities and is characterized by late onset and 
progressive muscle deterioration. There are two types of FSHD1 and mutations in SMCHD1 are causative for 
late-onset progressive FSHD Type 2 and are thought to affect disease severity in FSHD Type 1 (Larsen et al., 
2015). Pathogenesis of both diseases is linked to myotoxicity due to aberrant expression of a homeobox factor 
named DUX4 in the somatic muscle cells. In the germline DUX4 is expressed from a polymorphic repetitive 
array of D4Z4 macrosatelite repeats on chromosome 4. This array has a variable number of 3.3kb long repeats 
and each repeat is capable of expressing one DUX4 retrogene. In somatic cells of non-affected individuals this 
locus is repressed by DNA methylation and enrichment of repressive H3K9me3 histone marks. In FSHD1 
affected individuals there is a contraction of the D4Z4 locus to less than 10 repeat units which leads to chro-
matin relaxation and aberrant DUX4 expression. FSHD2 patients, on the other side, have a normal D4Z4 
repeat length but are shown to inherit heterozygous loss-of-function mutations in SMCHD1 and a permissive 
4qA haplotype which encodes for a poly-A signal required for stabilization of the DUX4 transcript (van den 
Boogaard et al., 2016; Lemmers et al., 2012). In this study haploinsufficiency of SMCHD1 was shown to be 
causative for loss of methylation at the D4Z4 repeat locus and aberrant expression of DUX4 in muscle cells. 
BAMS is a striking congenital disease phenotypically characterized by nose malformation accompanied by 
loss of eye function and male infertility. By employing next generation sequencing two groups have identified 
de novo SMCHD1 mutations in affected individuals. Interestingly mutations in SMCHD1 in this disease are 
concentrated in the ATPase domain of SMCHD1 while in FSHD mutations are spread throughout the protein 
body (Gordon et al., 2017; Lemmers et al., 2012; Shaw et al., 2017). It is still unclear whether mutations in 
patients with BAMS are loss or gain of function mutations due to the imperfection of the systems used to test 
the mutated proteins. Seemingly independent of the function of SMCHD1 as epigenetic regulator of X chro-
mosome inactivation and gene expression two groups have reported that SMCHD1 is recruited to sites of DNA 
damage and required for efficient c-NHEJ (Coker and Brockdorff, 2014; Tang et al., 2014).  Although there is 
an increasing amount of data tackling the functions of SMCHD1 there is very little known about the biochem-
istry of the protein itself and there is no mechanistic insight in how SMCHD1 performs its functions. The only 
known interactors of SMCHD1 so far are LRIF1 and HP1γ (Brideau et al., 2015; Nozawa et al., 2013). Two 
studies suggested that SMCHD1 could form homodimers through its N-terminal SMC-hinge domain (HD) and 
intramolecular coiled-coil interactions (Brideau et al., 2015; Chen et al., 2016a). This is in contrast to canonical 
SMC proteins whose SMC-hinge domain is located centrally in the protein and is folded to bring together the 
N- and C-terminal subdomains of the ABC-type ATPase (Figure 7). In addition, canonical SMC proteins form 
heterodimers through the hinge domains in a non random fashion giving rise to defined SMC complexes with 
distinct functions with help form non-SMC auxiliary proteins (reviewed in Losada, 2005). Whether the proposed 
model of SMCHD1 hinge domain mediated dimerization will prevail depends on solving the crystal structure 
of either the hinge domain or the full length SMCHD1 protein. The hinge domain of SMC proteins has as other 
function the binding to DNA (Chiu et al., 2004). The DNA binding property of the SMCHD1 HD was addressed 
and although the HD can putatively bind DNA with micromolar affinity the experiments performed in this study 
were incomplete (Chen et al., 2015). Therefore, it is still important to understand what mediates SMCHD1 
binding to chromatin and whether this binding mode might be context dependent. The beforementioned GHKL-
ATPase domain of mouse SMCHD1 was suggested to be functional in ATP hydrolysis and inhibited by a 
general GHKL-ATPase inhibitior radicicol. The residue important for the catalytic activity in these experiments 
was shown to be Glutamate 147 (Brideau et al., 2015; Chen et al., 2016b). 



 

 

19 

 
 

 
Figure 7.  Folding of canonical SMC proteins and SMCHD1. A) (UP) Schematic depicting the domain struc-
ture of full-length canonical SMC protein with the SMC-hinge and N- and C- terminal Walker ATPase domains 
labeled. (DOWN) Canonical structure of the SMC complex with two different SMC proteins labeled with cyan 
and pink connected by SMC auxiliary proteins. Three distinct SMC protein complexes and their functions are 
denoted. B) (UP) Schematic depicting domain structure of full-length SMCHD1 protein with the SMC-hinge 
and GHKL ATPase domain labeled. (DOWN) Putative structure of SMCHD1 based on current evidence. (Im-
age is adapted from Brideau et al., 2015; Chen et al., 2016) 
 

1.3 Aim of the thesis 

SMCHD1 and LRIF1 are poorly described interacting proteins with roles in epigenetic silencing and X-
chromosome compaction (Blewitt et al., 2008; Nozawa et al., 2013). SMCHD1 is, in addition, recruited to sites 
of DNA damage via an unknown mechanism and its roles in the process of DDR signaling and repair are not 
well understood (Coker and Brockdorff, 2014; Tang et al., 2014). Both of them were previously detected at 
telomeres in several different contexts, by using complementary proteomic approaches to detect telomere 
associated proteins, but no attempts were made in understanding their roles at telomeres (Déjardin and King-
ston, 2009; Garcia-Exposito et al., 2016; Grolimund et al., 2013). Also, how changes in the chromatin structure 
exerted by these and other heterochromatin proteins, mediated either by physical compaction or molecular 
changes at the chromatin level, affect the DNA damage response pathway is largely elusive (reviewed in 
Goodarzi et al., 2010). Therefore, this study aims at understanding the molecular functions of SMCHD1 and 
LRIF1 at unprotected telomeres. Characterisation of the functions of these proteins in DDR aims to expand 
the known repertoire of players orchestrating the DDR and to provide further insight into how chromatin 
changes modulate the activation of DDR signaling. Furthermore, we aim to establish a microscopy-based 
method to study physical changes in telomere volume mediated by different proteins in order to understand 
how telomeres are maintained in a compacted state. Previous attempts to study this phenomenon relied on 
cryo-electron microscopy and atomic force microscopy (AFM) but these have low throughput and do not oper-
ate in in vivo settings (Benarroch-Popivker et al., 2016; Galati et al., 2015). The method established in this 
study relies on Stochastic Optical Reconstruction Microscopy (STORM), in situ crosslinking of protein-DNA 
complexes and detection of the telomere by using fluorescently labeled DNA oligonucleotide. By using this 
method, we aim to understand which components of telomeric chromatin are required for maintenance of the 
3D telomere structure and whether changes in this structure affect the DNA damage signaling at uncapped 
telomeres. 
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The telomeric DNA damage re-
sponse occurs in the absence of chromatin de-
compaction 
 
Aleksandra Vancevska, Kyle M. Douglass, Verena Pfeiffer, Suliana Manley, Joachim Lingner 

(Genes&Development, 2017; Vol. 31(6), p.567-577) 

 

2.1 Abstract 
“Telomeres are specialized nucleoprotein structures that protect chromosome ends from DNA damage re-
sponse (DDR) and DNA rearrangements. The telomeric shelterin protein TRF2 suppresses the DDR, and this 
function has been attributed to its abilities to trigger t-loop formation or prevent massive decompaction and 
loss of density of telomeric chromatin. Here, we applied stochastic optical reconstruction microscopy (STORM) 
to measure the sizes and shapes of functional human telomeres of different lengths and dysfunctional telo-
meres that elicit a DDR. Telomeres have an ovoid appearance with considerable plasticity in shape. Exami-
nation of many telomeres demonstrated that depletion of TRF2, TRF1, or both affected the sizes of only a 
small subset of telomeres. Costaining of telomeres with DDR markers further revealed that the majority of DDR 
signaling telomeres retained a normal size. Thus, DDR signaling at telomeres does not require decompaction. 
We propose that telomeres are monitored by the DDR machinery in the absence of telomere expansion and 
that the DDR is triggered by changes at the molecular level in structure and protein composition.” (Vancevska 
et al., 2017) 

 

2.2 Highlights 

 
• We apply Stochastical Optical Reconstruction Microscopy (STORM) to measure sizes and shapes of 

human telomeres 
• We are able to detect telomere length dependent changes in telomere volume 
• Removal of shelterin proteins doesn’t lead to massive telomere decompaction 
• Change in telomere structure and possibly decompaction is observed only in a subset of DDR-positive 

telomeres suggest that telomere decompaction is not a general phenomenon at damaged telomeres 
• Our high throughput approach sets the stage to study telomere compaction in various cellular states 

 

2.3 Author contributions 
All authors contributed to experimental design. V.P. and A.V. performed preliminary STORM experiments and 
optimizations, A.V. acquired the STORM data and performed the molecular biological experiments presented 
in the paper. K.M.D. performed the data analysis with the help of A.V. J.L., with contributions from all authors, 
wrote the main text. K.M.D. and A.V. wrote the Materials and Methods. 
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2.4 Apendix to Chapter 2 

 
As already mentioned previously in the text SMCHD1 and LRIF1 are two proteins that are among other 

things involved in X-chromosome compaction (Nozawa et al., 2013). They mediate the compacted state by 
bridging H3K9me3 and H3K27me3 regions and bringing them closer together thus establishing a higher order 
chromatin structure. Stimulated by this fact and by the fact that these proteins were found to be enriched at 
extremely long telomeres (Grolimund et al., 2013) that are enriched for H3K9me3 and H3K27me2 heterochro-
matin marks (see below) we set out to investigate if SMCHD1 is required for maintaining the compacted state 
of telomeres. We used the STORM-based method to calculate the Radius of Gyration (RG) of telomeres that 
are depleted for SMCHD1 and SMCHD1 and TRF2. We have not observed major changes in compaction upon 
SMCHD1 removal alone or together with TRF2 in HeLa S cells (Figure 1) and HeLaL cells (not presented). In 
addition, removal of LRIF1 by siRNA as well did not affect the compaction state of telomeres (Verena Pfeiffer, 
unpublished). 

 
Figure 1. Depletion of SMCHD1 does not affect telomere size in HeLaS cells. A)  Western blot analysis of 
SMCHD1, TRF2 and hnRNPA1 in HeLa cells transfected with the indicated shRNAs (shTRF2, sh1 SMCHD1, 
sh2 SMCHD1, shTRF2/sh1 SMCHD1, shTRF2/sh2 SMCHD1) or empty vector (EV) control. B) Average Rg of 
telomeric (CCCTAA)3-FISH labeled samples obtained by analysis of STORM data. Data represent the mean 
of Radius of Gyration (RG) in nanometers of two independent experiments. Error bars represent the standard 
deviation. C) Representative distributions of Rg of telomeric (CCCTAA)3-FISH labeled samples obtained by 
analysis of STORM data.  
 

Interested to characterize the compaction state of short (10kb) and long telomeres (30kb) we have 
performed ChIP experiments to detect heterochromatin marks in order to complement the STORM experi-
ments published previously. We have observed that telomeres in HeLa L cells are enriched for heterochromatic 
mark H3K9me3 and binding of HP1γ while being less abundant in H4Acethyl which is a mark of transcriptionally 
active chromatin. Our data suggest that long telomeres might be more heterochomatinized than short ones 
and possibly more compacted (Figure 2). 
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Figure 2. Comparison of chromatin marks abundance in HeLa S and HeLa L telomeres. A) (UP) Telo-
meric and Alu ChIP with antibodies against H3K9me3, HP1γ, H4Acethyl and rabbit IgG. Representative dot 
Blot images of precipitated DNA detected with a (CCCTAA)3 or Alu probe. ChIPs were performed in HeLaS 
and HeLaL cells. (DOWN) Bar graph for quantification of H3K9me3, HP1γ, H4Acethyl, and rabbit IgG binding 
to Telo or Alu DNA. The bars represent average value from three independent experiments. B) (UP) Telomeric 
and Alu ChIP with antibodies against H3, H3K9me3 and rabbit IgG. Representative dot Blot images of precip-
itated DNA detected with a (CCCTAA)3 or Alu probe. ChIPs were performed in HeLaS and HeLaL cells. 
(DOWN) Bar graph for quantification of H3, H3K9me3, and rabbit IgG binding to Telo or Alu DNA. The bars 
represent the average value from three independent experiments. The error bars represent the standard de-
viation. P-values were calculated by unpaired Student’s t-test (*) P>0.05, (**) P>0.01.  
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SMCHD1 and LRIF1 promote ATM-
dependent DNA Damage signaling and repair of 
uncapped telomeres 

 
Aleksandra Vancevska, Verena Pfeiffer, Joachim Lingner (manuscript in preparation) 

 
 

3.1 Abstract 
“SMCHD1 (structural maintenance of chromosomes flexible hinge domain containing protein 1) has been im-
plicated in X-chromosome inactivation, imprinting and DNA damage repair. Mutations in SMCHD1 can also 
cause facioscapulohumoral muscular dystrophy. More recently, SMCHD1 and its interacting partner and het-
erochromatin protein 1 (HP1) binding protein LRIF1/HBiX1 (ligand-dependent nuclear receptor interacting-
factor 1) have also been detected as component of telomeric chromatin. Here, we identify requirements of 
SMCHD1 and LRIF1 for DNA damage signaling and non-homologous end joining (NHEJ) at unprotected telo-
meres. Co-depletion of SMCHD1 or LRIF1 with TRF2 reduced the rate of 3’ overhang removal in time course 
experiments and the number of telomere end fusions. In SMCHD1 deficient cells, the formation of ATM 
pS1981, γH2AX and 53BP1 containing telomere dysfunction induced foci (TIFs) were diminished indicating 
defects in checkpoint signaling. Strikingly, removal of TPP1 and subsequent activation of ATR signaling res-
cued telomere fusion events in TRF2-depleted SMCHD1 knockout cells. Together, these data indicate that 
SMCHD1 depletion reduces telomere fusions in TRF2-depleted cells due defects in ATM-dependent DNA 
checkpoint signaling. SMCHD1 mediates DNA damage signaling activation upstream of ATM at uncapped 
telomeres.”  

 

3.2 Highlights 

 
• SMCHD1 is recruited to dysfunctional telomeres 
• SMCHD1 KD/KO and LRIF1 KD lead to impaired c-NHEJ and reduction in the number of telomere fu-

sions uponTRF2 removal 
• SMCHD1 KO reduces the rate of 3’-overhang processing after telomere uncapping 
• SMCHD1 is required formation of ATM pS1981, γH2AX and 53BP1 containing telomere dysfunction 

induced foci (TIFs) 
• Removal of TPP1 and activation of ATR dependent DNA damage signaling reinstates telomere fu-

sions in SMCHD1 KO cells 
 

3.3 Author contributions 
J.L., A.V. and V.P. designed research, A.V. and V.P. carried out the experiments with transient depletion of 
SMCHD1, A.V. constructed the SMCHD1 KO cell lines and carried out the experiments in those, and J.L. and 
A.V. wrote the paper. 
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Introduction 
 
Arguably the most fundamental function of telomeres is to suppress at chromosome ends DNA damage sig-
naling and DNA end repair (Muller 1938, McClintock 1941). This is achieved through the recruitment of spe-
cialized proteins that bind directly or indirectly to telomeric repeat DNA, which consists of hundreds to thou-
sands of 5’-TTAGGG-3’/5’-CCCTAA-3’ repeats in vertebrates. Most abundant at telomeres are the shelterin 
proteins comprising TRF1, TRF2, RAP1, TIN2, TPP1 and POT1 (de Lange 2009; Denchi and Sfeir 2016). 
TRF1 and TRF2 bind as homodimers to the double stranded telomeric DNA repeats. Depletion of TRF2 from 
chromosome ends occurs naturally upon telomere shortening in senescent cells (Karlseder et al. 2002; Cesare 
et al. 2013). TRF2 depletion leads to ATM kinase activation and a long-lasting DNA damage response (DDR) 
promoting cellular senescence (Denchi and de Lange 2007). Inactivation of the DDR in senescent cells occurs 
during tumorigenesis (Shay and Wright 2011; Maciejowski and de Lange 2017). The ensuing cell proliferation 
leads to further telomere shortening and further TRF2 depletion culminating in telomere crisis in which chro-
mosome ends are fused to one another by alternative nonhomologous DNA end joining (alt-NHEJ), which 
relies on DNA ligase 3 and poly(ADP-ribose) polymerase 1 (PARP1) (Jones et al. 2014). Experimental deple-
tion of TRF2 in cells with normal telomere length also leads to ATM-dependent DDR activation and telomere 
end joining, which in this case is mediated by the classical NHEJ pathway involving DNA ligase 4 and the 
KU70/80 heterodimer (Celli and de Lange 2005). Significantly, classical NHEJ at TRF2-depleted telomeres 
requires DDR activation (Denchi and de Lange 2007).  

The DDR promotes genome stability regulating DNA repair, chromatin remodeling, transcription, cell 
cycle arrest, senescence and apoptosis (Ciccia and Elledge 2010; Panier and Durocher 2013). DDR activation 
at DNA double strand breaks and uncapped telomeres involves ATM recruitment to chromatin by the 
MRE11/RAD50/NBS1 (MRN) complex, which also promotes conformational changes stimulating ATM kinase 
activity (Paull 2015). In addition to the interaction with NBS1 in the MRN complex, ATM activation also depends 
on Tip60/KAT5-dependent acetylation of K3016 in ATM (Sun et al. 2009; Kaidi and Jackson 2013). Active 
ATM leads to autophosphorylation at S1981 and phosphorylation and activation of hundreds of downstream 
DDR substrates (Matsuoka et al. 2007), such as the CHK2 kinase, p53, NBS1, 53BP1, and H2AX.  

SMCHD1 is a non-canonical member of the structural maintenance of chromosomes (SMC) protein 
family (Blewitt et al. 2008), which includes among others the SMC1/3 cohesion and SMC2/4 condensin com-
plex components, the SMC5/6 complex which is involved in homologous recombination and RAD50. As other 
SMC proteins, SMCHD1 contains a hinge domain flanked by coiled-coil domains. However, unlike SMC1-6, 
SMCHD1 forms homodimers (Brideau et al. 2015). Furthermore, it contains a GHKL (gyrase, Hsp90, histidine 
kinase, MutL)-type ATPase rather than the bipartite ABC-type ATPase domain typically seen in SMC proteins 
(Brideau et al. 2015). SMCHD1 physically associates with LRIF1/HBiX1 (below referred to as LRIF1), which 
in turn associates with H3K9me3 bound HP1 on chromatin (Nozawa et al. 2013). LRIF1 and SMCHD1 mediate 
the compaction of the inactive X chromosome in females linking the H3K9me3 and the XIST-H3K27me3 do-
mains (Nozawa et al. 2013). Through mediating chromatin interactions on the inactive X chromosome, 
SMCHD1 may promote chromatin mixing and drive attenuation of chromosomal compartments and topogically 
associated domains (TADs) (Wang et al. 2018). Apart from binding the inactive X chromosome, SMCHD1 is 
also recruited to sites of DNA damage induced by laser micro-irradiation (Coker and Brockdorff 2014) or zeocin 
drug treatment  and it has been implicated in promoting DNA repair by NHEJ over homologous recombination 
(Tang et al. 2014). Finally, SMCHD1 and LRIF1 have been detected in proteomic analyses of telomeric chro-
matin (Dejardin and Kingston 2009; Grolimund et al. 2013; Bartocci et al. 2014). Specifically, SMCHD1 and 
LRIF1 were enriched at telomeres that were overly long and showed a lower density of TRF2 (Grolimund et 
al. 2013). However, the roles of SMCHD1 and LRIF1 at telomeres remained enigmatic. 
Here, we discover critical functions of SMCHD1 and LRIF1 at telomeres that were deprived of TRF2. Signifi-
cantly, depletion of SMCHD1 and LRIF1 impairs ATM-dependent DNA damage signaling at TRF2-depleted 
telomeres. At the same time telomere end fusions were diminished indicating crucial roles of SMCHD1 and 
LRIF1 in DNA damage signaling or repair. Experimental activation of the ATR checkpoint at TRF2-depleted 
telomeres re-instigated chromosome end fusions in the absence of SMCHD1 unraveling a requirement
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of SMCHD1 for checkpoint activation but not directly the DNA repair reaction. Our data indicate that 

SMCHD1 and LRIF1 are required in the onset of DDR activation upstream of ATM.    
 
Results 
 
SMCHD1 and LRIF1 are required for efficient telomere-end-to-end fusions at TRF2-depleted telomeres 
 
In previous work we observed in HeLa cells enrichment of SMCHD1 and LRIF1 at long telomeres with an 
average length of 30 kb over telomeres with an average length of 10 kb (Grolimund et al. 2013). In addition, 
over-elongated telomeres showed a lower density of TRF2. We therefore tested if shRNA-mediated TRF2 
depletion in HeLa cells is sufficient to enhance association of SMCHD1 with telomeres of normal length. 
SMCHD1 association with telomeric DNA was assessed by chromatin immunoprecipitation upon which co-
precipitated telomeric DNA was detected by Southern hybridization. Indeed, immunoprecipitated SMCHD1 
was associated with more telomeric DNA in TRF2-depleted cells (Supplemental Fig. S1). A probe for Alu-
repeat DNA served as a negative control. 

TRF2-depleted telomeres trigger an ATM-dependent DNA damage response and they undergo NHEJ-
mediated telomere end-to-end fusions (Denchi and de Lange 2007). In order to assess potential roles of 
SMCHD1 and LRIF1 for these processes, we used CRISPR/Cas9 technology to disrupt the SMCHD1 gene 
and we developed shRNA vectors for the depletion of SMCHD1 and LRIF1 (Fig. 1). Three different guide RNAs 
were used for generating SMCHD1 knockout clones in HeLa cells and in a HeLa cell clone in which TRF2 
could be depleted using an inducible shRNA (Grolimund et al. 2013). Individual clones were screened for loss 
of SMCHD1 protein expression on Western blots using antibodies recognizing SMCHD1 peptides near the N- 
and C-termini (Fig. 1A and Supplemental Fig. S2A). This analysis suggested complete loss of SMCHD1 protein 
expression in all three clones (Supplemental Fig. S2A). Analysis of the knockout clones by PCR amplification 
of the targeted loci and DNA sequencing revealed introduction of frameshift mutations near the N-terminus of 
SMCHD1 leading to premature stop codons, which can explain the loss of SMCHD1 protein expression. In 
addition, two shRNAs mediated efficient depletion of SMCHD1 protein (Fig. 1B and further below) and one 
shRNA efficient depletion of LRIF1 mRNA (Fig. 1C). ShRNA-mediated TRF2 depletion during 5 days (Fig. 1A) 
triggered end-to-end fusions at 20% of the chromosome ends as assessed by the analysis of metaphase 
chromosome spreads (Fig. 1D,E). Strikingly, the telomere fusions were reduced to roughly 3-4% when TRF2 
was depleted in the two different SMCHD1 knockout clones. Similar results were obtained upon shRNA-me-
diated co-depletion of SMCHD1 or LRIF1 with TRF2 (Fig. 1F,G) confirming critical roles of SMCHD1 and LRIF1 
for efficient telomere end-to-end fusions upon TRF2 loss.  
 
SMCHD1 promotes DNA end processing for NHEJ at TRF2-depleted telomeres 
 
Upon TRF2-depletion, telomeric DNA is first processed to remove the 3’ overhang. The blunt end telomeres 
are then fused by NHEJ (Celli and de Lange 2005). To better understand the roles of SMCHD1 in these pro-
cesses, we followed telomeric DNA processing and fusions in time-course experiments in which TRF2 was 
depleted using an inducible shRNA in SMCHD1 wild type and knockout cells (Fig. 2). Quantification of telomere 
end-to-end fusions showed strong reduction but not abolishment of fusion events in SMCHD1 knockout cells 
as seen in Figure 1 (Fig. 2B). Removal of the telomeric 3’ overhang was assessed by native in gel hybridization 
in which the radiolabeled probe detects only the telomeric 3’ overhang but not the double stranded telomeric 
DNA, which remains base-paired (Fig. 2C, left panel). As expected the overhang signal was lost upon in vitro 
treatment of the DNA prior to gel loading with Exonuclease 1 from E. coli which removes the 3’ overhang (left 
panel, lanes designated with +Exo). Upon denaturation of the same gel, however, single and double stranded 
telomeric DNA is detected with the probe (right panel). Inspection of the native gels (Fig. 2C, left panel, see 
short run) and quantification revealed that the SMCHD1 knockout cells lost the telomeric 3’ overhang consid-
erably slower than the SMCHD1 wild-type cells (Fig. 2C,D). Furthermore, the signal for fused telomeres which 
is fully double stranded and therefore can only be detected in the denatured gel (Fig. 2C, right panel, see long 
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run), was strongly reduced in the SMCHD1 knockout cells (compare signal of fused to non-fused telomeres in 
each lane). These results are consistent with the metaphase chromosome analysis of Figure 2B.  
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During the  time course, we also observed a shift of the telomeric signals over time towards longer telomeres 
which was expected as TRF2 negatively regulates telomere elongation by telomerase (Smogorzewska et al. 
2000). Altogether, this analysis indicated that the first step of the telomeric DNA end-fusion reaction, the DNA 
end processing step was strongly delayed in the absence of SMCHD1. 
 
SMCHD1 promotes ATM activation and DDR at TRF2-depleted telomeres 
NHEJ of TRF2-depleted telomeres is strictly dependent on activation of the DDR at uncapped telomeres 
(Denchi and de Lange 2007). Therefore, we tested if SMCHD1 is required for checkpoint signaling. As ex-
pected, TRF2-depletion led to induction of telomere dysfunction induced foci (TIFs) (Takai et al. 2003) in which 
at S1981 phosphorylated ATM (ATM pS1981), phosphorylated H2AX (γH2AX) and 53BP1 accumulate as foci 
at telomeres (Fig. 3). Strikingly, depletion of TRF2 in the two SMCHD1 knockout clones showed a strong 
reduction but not abolishment of all TIF markers indicating reduced DDR at TRF2-depleted telomeres in the 
absence of SMCHD1. Similarly, we observed reduced TIFs in TRF2-depleted cells that had been treated with 
SMCHD1 shRNAs (Supplemental Fig. S3). Finally, we observed in Western blots, that ATM pS1981 was re-
duced in TRF2-depleted SMCHD1 knockout cells (Fig. 1A) or upon shRNA-mediated depletion of SMCHD1 
(Supplemental Fig. S3A). Altogether, these results indicate that SMCHD1 is required for efficient ATM activa-
tion and the subsequent DDR at TRF2-depleted telomeres. Notably, however, SMCHD1 is not absolutely es-
sential for the DDR. Thus SMCHD1 loss has less severe consequences than MRE11 depletion, which com-
pletely abolished DDR and NHEJ at TRF2-depleted telomeres (Supplemental Fig. S3A, S3C and S4), remi-
niscent of results obtained in mouse embryonic fibroblasts (MEFs) in which Mre11 was deleted (Deng et al. 
2009). 
 
SMCHD1 is required for NHEJ at TRF2-depleted telomeres because of ATM activation 
The above results unraveled requirements of SMCHD1 for ATM activation and NHEJ of TRF2-depleted telo-
meres but they could not distinguish if the effects on NHEJ were solely due to its involvement in checkpoint 
activation or if it also played direct roles in the DNA processing or end ligation reactions. For addressing this 
question we were inspired by a previous landmark paper (Denchi and de Lange 2007), which discovered the 
requirement of ATM for NHEJ of TRF2-depleted telomeres and which demonstrated that ATM function could 
be substituted by activated ATR. To activate ATR at telomeres, we depleted TPP1 with shRNAs (Fig. 4A), 
which leads to removal of POT1 from the telomeric 3’ overhang (Frescas and de Lange 2014). This in turn 
leads to RPA binding to the single stranded 3’ overhang, subsequent ATR/ATRIP recruitment and checkpoint 
signaling at chromosome ends (Zou and Elledge 2003). Significantly, the shRNA-mediated depletion of TPP1 
reinstated efficient chromosome end-to-end fusions in SMCHD1 knockout cells that had been depleted for 
TRF2 (Fig. 4B). Concomitant inhibition of the ATR kinase with an inhibitor (VE-821) (Reaper et al. 2011) again 
prevented efficient end fusions (Fig. 4C) indicating that ATR signaling upon TPP1-depletion was responsible 
for triggering chromosome end-to-end fusions in the absence of SMCHD1. 
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Discussion 
 
In this paper we demonstrate that loss of SMCHD1 abolishes efficient DNA damage signaling and NHEJ at 
telomeres that are depleted of TRF2. The defects of SMCHD1 knockout cells in signaling and repair can be 
ascribed to its roles in DDR activation. Indeed, activation of ATR upon depletion of TPP1 was sufficient to 
suppress the defects of the SMCHD1 knockout for NHEJ at TRF2-depleted telomeres suggesting that 
SMCHD1 is required for checkpoint signaling but it is not directly involved in NHEJ. Since SMCHD1 loss in 
TRF2-depleted cells prevented efficient ATM activation, our data indicate that SMCHD1 functions in the DDR 
cascade very early upstream of ATM. During canonical ATM-dependent DDR at DNA double strand breaks, 
the MRN complex binds and senses DNA ends recruiting and activating ATM, which then initiates the DNA 
damage signaling cascade (Paull 2015). At telomeres, the MRN complex is present even when telomeres are 
intact (Zhu et al. 2000). Indeed, NBS1 of the MRN complex interacts directly with TRF2 but in this context, 
ATM is not activated (Rai et al. 2017). TRF2 inhibits ATM signaling by several mechanisms involving its TRFH 
and hinge domains (Okamoto et al. 2013). The TRFH domain of TRF2 promotes formation of t-loops, which 
prevents exposure of the chromosome ends to the MRN complex not allowing ATM recruitment or activation 
(Doksani et al. 2013). In addition, the TRFH domain of TRF2 interacts at intact telomeres with a non-phos-
phorylated form of NBS1 preventing ATM activation (Rai et al. 2017). Second, through a portion of the hinge 
domain of TRF2 referred to as iDDR, TRF2 can sever the DDR at the level of the E3 ubiquitin ligase RNF168 
which is required for 53BP1 localization to telomeres (Okamoto et al. 2013). Upon TRF2 removal, NBS1 is 
phosphorylated by CDK2 at Ser432 (Rai et al. 2017). The t-loops will unwind and MRE11/RAD50 may asso-
ciate with the uncapped telomeres at their DNA ends possibly in a similar manner as it does with DNA double 
strand breaks (Syed and Tainer 2018). Phosphorylated NBS1 may bind to uncapped telomeres via MRE11 
enabling ATM recruitment and activation (Rai et al. 2017).   

Our data implicate SMCHD1 in ATM activation. Activation is likely to also involve the SMCHD1 binding 
partner LRIF1 as its depletion also prevented efficient NHEJ of TRF2-depleted telomeres. SMCHD1 contains 
an N-terminal ATPase domain and a C-terminal hinge domain mediating homodimerization (Brideau et al. 
2015). We speculate that SMCHD1 may promote ATP-dependent chromatin remodeling at uncapped telo-
meres, in analogy to other SMC proteins which remodel chromosome architecture (van Ruiten and Rowland 
2018). For example, SMCHD1 may modulate the telomere structure at TRF2-depleted telomeres at the mo-
lecular level to expose telomeric DNA ends and favor binding of MRE11. Alternatively, it may assist ATM 
recruitment or activation (Fig. 5).  At the inactive X chromosome in females, SMCHD1 and LRIF1 had been 
implicated in chromosome compaction linking H3K9me3 rich with H3K27me3 rich domains (Nozawa et al. 
2013). At, telomeres, however, we did not detect notable effects of SMCHD1 depletion on telomere compaction 
(data not shown). Thus, although H3K9me3 may be important for SMCHD1 binding to uncapped telomeres, 
SMCHD1/LRIF1 do not alter chromatin compaction at telomeres at detectable levels as seen at the inactive X 
chromosome.  

ATM activation is not only required for NHEJ of uncapped telomeres but also for NHEJ of a subset of 
DNA breaks which occur in heterochromatic regions of the genome (Goodarzi et al. 2008). It has been pro-
posed that ATM signaling at DNA breaks temporarily perturbs heterochromatin to promote processing of oth-
erwise inflexible chromatin (Goodarzi et al. 2008). It is conceivable that SMCHD1/LRIF1 promotes also ATM 
activation at DNA breaks elsewhere in the genome, to help the repair of heterochromatin by NHEJ. Consistent 
with this notion are previous observations, which demonstrated recruitment of SMCHD1 to sites of DNA dam-
age and inefficient repair and loss of viability upon DNA damage in the absence of SMCHD1 (Coker and 
Brockdorff 2014; Tang et al. 2014).  

ATM activation upon telomere shortening and TRF2 depletion contributes to the induction of cell cycle 
arrest and cellular senescence (d'Adda di Fagagna et al. 2003). Our results implicate SMCHD1 and LRIF1 in 
damage signaling from unprotected telomeres. Mutations in SMCHD1 have been linked to several diseases 
including facioscapulohumoral muscular dystrophy (FSHD) and Bosmia arhinia (Jansz et al. 2017). It will be 
important to determine if disease mutations also impact on DNA damage signaling from telomeres and to what 
extent this may affect disease pathology. 
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Materials and methods 
 
Cell culture 
 
HeLa cells harbouring 11 kb long telomeres as well as the HeLa cells containing an inducible shTRF2 
knockdown cassette cell lines were described previously (Grolimund et al. 2013). They were used for all 
transient transfection experiments and to derive SMCHD1 knockout clones. Cells were maintained at 37°C 
with 5% CO2 in Dulbecco's modified Eagle's medium supplemented with 10% FCS and penicillin/streptomycin. 
 
Antibodies 
 
The following primary antibodies were used: TRF2 (#05-521, Millipore, mouse, dilution 1:1,000, used for 
Western blots (WB)), γH2AX (Millipore, #05-636, mouse, dilution 1:1,000, used for WB and IF), hnRNPA1 
(4B10, #sc-32301, Santa Cruz Biotechnology, mouse, dilution 1:3,000, used for WB), 53BP1 (#NB100-304, 
Novus Biologicals, rabbit, dilution 1:2,000, used for IF), phospho-ATM-Ser1981 (#ab81292, Abcam, rabbit, 
dilution 1:1,000, used for WB and IF,), SMCHD1 (#A302-871A, Bethyl Laboratories, N-terminal, rabbit, dilution 
1:2,000, used for WB and ChIP), SMCHD1 (#A302-872A, Bethyl Laboratories, C-terminal, rabbit, dilution 
1:2,000, used for WB and ChIP), TPP1 (#H00065057-M02, Abnova, rabbit, dilution 1:1,000, used for WB), 
MRE11 (#NB100-142, Novus Biologicals, rabbit, dilution 1:2,000, used for WB), normal rabbit IgG (#sc-2027, 
rabbit, used for ChIP). 
 
Plasmids 
 
Plasmids containing shRNAs used in this study were prepared by restriction cloning of annealed oligonucleo-
tides into pSUPERpuro or pSUPERblast plasmid backbones (OligoengineTM). The target sequences of the 
shRNAs were:  MRE11 5’-TGAGAACTCTTGGTTTAAC-3’ cloned into pSUPERblast plasmid (Porro et al. 
2014); TRF2 5’- GCGCATGACAATAAGCAGA-3’ cloned into pSUPERblast and pSUPERpuro plasmid (Porro 
et al. 2014); sh1_SMCHD1 5’-ATTGGATAGCGGGTGATATTA-3’ cloned into pSUPERpuro plasmid; 
sh2_SMCHD1 5’-TTATTCGAGTGCAACTAATTT-3’ cloned into pSUPERpuro plasmid; shLRIF1 5’- 
GTAGGTGTGTTCTGAAAGT-3’  cloned into pSUPERpuro plasmid; shTPP1 5’- GACTTAGATGTTCAGAAAA-
3’ cloned into pSUPERblast plasmid (Abreu et al. 2010). The pSpCas9(BB)-2A-puro plasmid (a generous gift 
from Dr. Feng Zhang, Addgene plasmid #62988) was used for CRISPR/Cas9 mediated knockout of SMCHD1. 
 
Transfection protocols 
 
For depletion experiments HeLa cells were transfected in 6-well plates at 60-80% confluency using 
Lipofectamine 2000 according to the manufacturer’s protocol (ThermoFisher, #11668019). Puromycin (conc. 
1μg/mL, #ant-pr-1, Invivogen) and blasticidin (conc. 5μg/mL, #ant-bl-1, Invivogen) were added to the media 
20-24h after transfection and the cells were expanded on 10cm dishes. Selection with the antibiotics was 
maintained for 3-5 days. Empty pSuperPURO and pSuperBLAST plasmids were used as control in all the 
experiments. For the experiment in Figure 4, ATRi (VE-821, Selleckchem, #S8007) was added to the cells 24 
hour after addition of the selection antibiotics at 10μM concentration and the cells were maintained with the 
inhibitor for 4 days. 
 
Immunoblotting 
 
After harvesting, cells were counted using CASY Cell Counter and Analyzer, cell pellets with equal cell num-
bers were resuspended in 2x Laemmli buffer (20% glycerol, 4% sodium dodecyl sulphate, 10 mM Tris-Cl pH 
6.8, 200 mM Ditiothreitol, 0.05% bromophenol blue) at final concentration of 10 000 cells/μL and boiled for 
5min at 95°C. Protein extracts were fractionated on 4-20% Mini-PROTEAN® TGXTM Precast protein gels (Bio-
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Rad), transferred to a nitrocellulose blotting membrane (AmershamTM  ProtranTM, 0.2µm NC, GE Healthcare 
Life Sciences, #10600001), blocked in 3% BSA/1xPBS/0.1% Tween 20 for 30min and incubated with primary 
antibody overnight at 4°C. Membranes were then washed 3x5min in 1xPBS/0.1% Tween 20, incubated with 
anti-mouse or anti-rabbit HRP-conjugated secondary antibody for 30min (anti-mouse IgG HRP conjugate 
Promega #W402B, anti-rabbit IgG HRP conjugate Promega #W4011, 1:3000) and chemiluminescence was 
detected using Western Bright ECL spray (Advansta, #K-12049-D50). Detection of TPP1 was performed using 
a renaturation protocol as described (Loayza and De Lange 2003).  
 
Telomere restriction fragment length analysis for detection of single stranded and double stranded telomeric 
DNA 
 
Genomic DNA was isolated using the WizardÒ Genomic DNA Purification kit (Promega, #A1120). Isolated 
DNA (5 µg) was subjected to digestion with 40U ExoI (New England BioLabs, #M0293S) as control or non-
digested and incubated for 8h at 37°C in CutSmartÒ Buffer in a final volume of 80µL. The samples were then 
heated at 80°C for 20min to inactivate the ExoI enzyme. Following the inactivation, 20µL of digestion mix 
containing 125U HinfI (New England BioLabs, #R0155M) and 25U RsaI (New England BioLabs, #R0167L) 
was added to all the samples (Exo+ and Exo-) and the digestion mix was incubated overnight at 37°C. Digested 
DNA was loaded on a 1% agarose gel (35µL of the digestion mix was loaded for the Short run and 55µL for 
the Long run in Figure 2C) and separated by regular gel electrophoresis in 1 × TBE at 3 V cm−1 for 1 h (Short 
run) and at 1.5 V cm−1  for 16h (Long run). Gels were dried for 3h at 50°C, prehybridized at 50°C in Church 
buffer (1%BSA, 1mM EDTA, 0.5M phosphate buffer pH 7.5, 7%SDS) and hybridized at 50°C overnight to a 
[32P]-labeled (CCCTAA)n probe (Grolimund et al. 2013) for detection of single stranded (ss) telomeric DNA. 
After hybridization, the gel was rinsed in 4 × SSC and followed by successive 1 h washes at 50°C in 4 × SSC, 
4 × SSC/0.5% SDS and 2 × SSC/0.5% SDS and exposed to a sensitive phosphoimager screen overnight. 
After the image was acquired the gel was denatured with 0.8 M NaOH and 150 mM NaCl, neutralized with 1.5 
M NaCl, 0.5 M Tris-HCl pH 7.0, prehybridized in Church buffer at 50° for 1h and incubated with the same probe 
overnight at 50°C. The gel was again washed and exposed as above and the image was acquired using 
AmershamTM TyphoonTM Biomolecular imager (GE Healthcare). The images were quantified using Aida Image 
Analysis software. The single stranded-DNA signal was divided by the total denatured DNA signal in each lane 
and further normalized to -Dox samples.  
 
CRISPR/Cas9 gene editing 
 
The CRISPR/Cas9 gene editing system was used to create SMCHD1 knockout cell lines. To target the 
SMCHD1 gene locus (NC_000018.10; gene ID 23347), a region of 200 bp encompassing the ATG in Exon 1 
was submitted to the Optimal CRISPR design tool (http://crispr.mit.edu). Three gRNAs with scores higher than 
93 were chosen for further experiments (gRNA 1: 5’-CTTGTTTGATCGGCGCGAAA-3’, gRNA2: 5’-GGG-
GAGCGCTCGGACTACGC-3’, gRNA 3: 5’-GCCGTCCGCCGCTGCCATAT-3’). Complementary oligonucleo-
tides harbouring the guide RNA sequence and BpiI compatible overhangs were synthetized by Microsynth AG. 
The oligonucleotides were annealed and ligated into a BpiI (Thermo Fisher Scientific, ER1011) digested and 
dephosphorylated pSpCas9(BB)-2A-puro vector (Addgene, 62988). The resulting constructs were transfected 
into HeLa cells using LipofectamineTM 2000 (Thermo Fisher Scientific, #11668019). Transfected cells were 
selected with 1µg/mL of puromycin for 4 days. Single-cell clones were obtained by limiting dilution and were 
screened for the absence of SMCHD1 by Western blotting using the N-terminal anti-SMCHD1 antibody. To 
verify the gene editing in positive clones, the PCR products obtained with 2 primers 
(AV48_SMCHD1_gPCR_F: 5’-AGGAGCGCGTTTGAATCGG-3’,  AV47_SMCHD1_gPCR_R 5’-CTTCGCG-
TACCTGACACACAC-3’) were TOPO- cloned (Thermo Fisher, #450071) and sent  for sequencing. 
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Telomeric PNA-FISH on metaphase spreads 
 
On the day of harvesting, cells were treated with 0.1 μg/mL demecolcine (Sigma Aldrich Chemie GmbH 
#D7385-10MG) for 2 h, cells were collected, resuspended in hypotonic solution (0.056 M KCl) and swollen for 
7 min. Swollen cells were fixed in methanol:acetic acid (3:1) and stored overnight at 4°C. The next day cell 
suspensions were dropped onto slides to prepare metaphase spreads, incubated 1min at 70°C in a wet 
chamber and dried for 16–24 h before FISH. FISH staining of human telomeric DNA was performed as 
described (Vancevska et al. 2017). Slides were rehydrated in 1× PBS for 5 min, treated with 4% formaldehyde 
in PBS for 5 min, washed 3x with 1xPBS and dehydrated with increasing amounts of ethanol (70%, 95%, 
100%). Dehydrated slides were then placed on coverslips containing 70 μL hybridization mix (10 mM Tris-HCl, 
2% blocking reagent (Roche, #11096176001), 70% formamide and 0.1 μM Cy3 labeled (CCCTAA)3 PNA probe 
(PNA Bio, #F1002)) and denatured at 80°C for 3 min in a hybridization oven. Subsequently, the hybridization 
was allowed to proceed for 3h in a light protected humified chamber at 25 °C. The coverslip was then removed 
from the slide, washed twice for 15 min in buffer containing 70% formamide and 10 mM Tris-HCl pH 7.4 and 
3 times for 15 min with 0.1 M Tris-HCl pH 7.2, 0.15 M NaCl, 0.08% Tween-20. For DNA staining, DAPI was 
added to 1 μg/ml in the second wash. After the washes slides were stored at 4°C in a dark place until imaging.  
 
Indirect immunofluorescence and telomeric FISH (IF-FISH) 
 
Indirect immunofluorescence detection of human ATM pS981, 53BP1 and γH2AX followed by telomeric FISH 
staining was performed as described (Vancevska et al. 2017). For detection of ATM pS1981 before 
crosslinking, cells were fractionated with an ice-cold preextraction buffer containing 0.5% Triton X-100, 20mM 
HEPES-OH pH 7.5, 50mM NaCl, 3mM MgCl2 and 300mM sucrose for 7min. Subsequently cells were washed 
with 1xPBS and the same protocol was applied as for the other stainings. 
 
RT-qPCR for measuring LRIF1 mRNA transcript levels 
 
Total RNA was extracted with NucleoSpin® RNA isolation kit (Macherey-Nagel, #740955) from 2x106 cells 
following the manufacturers protocol with three DNase treatment steps. cDNA from three biological replicates 
was synthetized using Invitrogen’s SuperScript III Reverse Transcriptase (#18080044) from 2μg of total RNA. 
Reaction mixes in a total volume of 20μL contained: 2μg of total RNA, 0.5mM dNTP mix, 150ng random pri-
mers (Thermo Fisher #48190011), 250ng oligo (dT)15 primer (Promega, #C1101), 1× First-Strand Buffer, 5 mM 
DTT, 20 U SUPERase IN (Ambion #AM2696) and 200 U SuperScript III RT (200 U/μl) or H2O for no RT-
control. The cDNA was then diluted to 40μL and stored at -20°C. Quantitative PCR (qPCR) was performed in 
Applied Biosystems 7900HT Fast Real-Time System using Power SYBR Green PCR Master Mix (Applied 
Biosystems #4368708) in a 384-well reaction plate (Applied Biosystems MicroAmp Optical 384-well reaction 
Plate with Barcode #4309849). Each sample was prepared in three biological and two technical replicates. 
The master-mix for each reaction is prepared as follows: 2 μl diluted cDNA, 5 pmol of forward primer, 5 pmol 
reverse primer, 1× Power SYBR Green PCR Master Mix and H2O to a total volume of 10 μl. qPCR data were 
analysed using the relative ΔCt quantification method and GAPDH was used for normalization. Primers used 
for qPCR were as follows:  
AV91_LRIF1_qPCR_F 5’-CTCGAATTCCTGACCATTTGAC-3’, AV92_LRIF1_qPCR_R 5’-
CTCTCTCCTTCCTTCACCATAAAC-3’, GAPDH_F 5’-AGCCACATCGCTCAGACA-3’, GAPDH_R 5’-
GCCCAATACGACCAAATCC-3’. 
 
Chromatin Immuno Precipitation (ChIP) 
 
ChIP protocol for SMCHD1 and γH2AX was performed as described previously (Grolimund et al. 2013). Briefly, 
10 million cells per condition were harvested and washed with 1xPBS pH 7.4. The cell pellet was then 
crosslinked in 1mL 1% formaldehyde in 1xPBS pH 7.4 for 15min at RT. Glycine pH 2.5 was added to 125mM 
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to quench the reaction, incubated for 5min and cells were then washed 3x with 1xPBS pH 7.4. Cells were 
subsequently incubated 5min in 1mL lysis buffer (1% SDS, 10 mM EDTA pH 8.0, 50 mM Tris-Cl pH 8.0, EDTA-
free protease inhibitor complex (Roche, #11836170001)), centrifuged 5min at 2,000g and the chromatin en-
riched pellet was again resuspended in 500μL lysis buffer and subjected to sonication for 30min (30s ON, 30s 
OFF, total sonication time 15min) using Bioruptor® Twin Diogenode sonicatior (#UCD-400). The sonicated 
lysate was centrifugated at 20,000g for 15min at 4°C. Per IP 100μL of the cleared lysate was diluted with 9 
volumes of IP buffer (1.2 mM EDTA pH 8.0, 1.1% Triton X-100, 16.7 mM Tris pH 8.0, 300 mM NaCl) and incu-
bated with 5μg of the corresponding antibody (normal rabbit IgG, SMCHD1 or γH2AX) and 30μL of preblocked 
Protein G Sepharose 4 Fast Flow 50% bead slurry (GE Healthcare, #17-0618-01) overnight at 4°C. The beads 
were then washed with once with wash buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8.0, 20 mM Tris 
pH 8.0, 300 mM NaCl), wash buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8.0, 20 mM Tris pH 8.0, 
500 mM NaCl), wash buffer 3 (500 mM LiCl, 1% NP-40, 1% Na-deoxycholate, 1 mM EDTA, 10 mM Tris pH 8.0) 
and twice with wash buffer 4 (1 mM EDTA, 10 mM Tris pH 8.0) at room temperature for 5 min. Elution and 
crosslink-reversal were performed at 65°C overnight in cross-link reversal buffer (1% SDS, 0.1 M NaHCO3, 
0.5 mM EDTA pH 8.0, 20 mM Tris-Cl pH 8.0, 10 μg DNase-free RNase (Roche #11119915001)). For DNA 
extraction, the QIAquick PCR Purification kit (Qiagen, #28106) was used. Telomeric and Alu-repeat DNA were 
detected successively using the conditions described before. After the exposure the image was acquired using 
FujiFilm Fluorescent Image Analyzer FLA-3000 and the image quantification was done using AIDA Image 
Analyzer software v 4.06. 
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Conclusions and perspectives 
 

Telomeres play principal roles in safeguarding genome stability by solving two major threats to linear 
genomes: the end replication and the end protection problem. Understanding the basic molecular mechanisms 
that are at the heart of this is of great importance for expanding our knowledge in how biological systems are 
organized and for providing treatments for individuals that have impaired genome and telomere integrity. Re-
sults presented in this thesis contribute to a deeper understanding of pathways that operate at dysfunctional 
telomeres and expand the repertoire of proteins that are involved in repair of toxic lesions in DNA. Importantly, 
we provide novel insights into how the early steps of DNA damage sensing at telomeres are orchestrated 
which is still an unresolved question in the fields of telomere biology and DNA damage repair.  

Firstly, we have been able to clarify the question of how telomeric chromatin structure changes in 
response to telomere uncapping. To this end, we applied a state-of-the-art microscopy technique which ena-
bled us to look at telomeres with improved resolution. Telomeres visualized in this way are clusters of discrete 
fluorophore position estimates which were used to infer telomere sizes by computing their Radius of gyration 
(Rg) or convex hull area. These two different assessments of telomere size correlated well with each other in 
our experiments. The measurements of the average Rg in telomere populations and telomere labeling efficien-
cies observed are in agreement with other studies that employ STORM measurement of telomere size 
(Bandaria et al., 2016; Doksani et al., 2013; Jeynes et al., 2017; Timashev et al., 2017) as well as with studies 
that visualize telomeres by immunogold staining of telomeric DNA and subsequent electron microscopy anal-
ysis (Luderus, 1996; Pierron and Puvion-Dutilleul, 1999).  We have been able to benchmark the method by 
comparing cell lines with normal and extremely long telomeres. We detected changes in the Radius of gyration 
and convex hull area that are dependent on telomere length. Interestingly, we also observed that longer telo-
meres are more compacted than the short ones correlating with their heterochromatic status. Furthermore, we 
have explored telomere compaction state in HeLa cells depleted for TRF1, TRF2 and both TRF1 and TRF2 
which should destabilize the whole shelterin complex (Sfeir and de Lange, 2012). To our surprise, shelterin 
proteins did not significantly remodel the three-dimensional structure of telomeric chromatin as assessed by 
our technique. We were able to stratify the telomere population by specifically examining the DNA damage 
positive telomeres using well-characterized DDR protein markers such as γH2AX and 53BP1. Employing this 
experimental approach, we observed that upon shelterin removal there was an efficient DNA damage response 
activation but the change in average radius of gyration was driven by a small subset of damaged telomeres 
that had extremely large Rg, while the vast majority of telomeres were similar to the control condition. In addi-
tion, change in telomere size observed in the DDR positive population was always accompanied by a propor-
tional increase in the number of FISH signals within the telomere clusters. We also employed a complementary 
approach for labeling the telomere by detecting the telomeric protein TRF1 in HeLa L cells. Similarly to the 
results obtained by FISH labeling, we observed that only a small subset of DDR positive telomeres upon TRF2 
depletion were larger in size and had higher number of localizations albeit the fact that TRF1 levels should 
remain unchanged upon TRF2 removal (Hockemeyer et al., 2007).  Thus, we proposed that these changes 
are due to telomere-telomere associations and therefore we have excluded the model that incorporated de-
compaction as a requirement for ATM and DNA damage signaling activation (Bandaria et al., 2016). Our data 
was in concordance with a jointly published study on mouse telomeres in which telomere decompaction upon 
uncapping was not observed by STORM microscopy nor by a complementary biochemical Assay for Trans-
posase-Accesible Chromatin using sequencing (ATAC-seq). Furthermore, in this study the authors also sug-
gest that the large telomeric foci are likely formed through 53BP1 dependent clustering of dysfunctional telo-
meres as they have observed that the average number of telomeric foci per cell is decreased upon telomere 
deprotection (Timashev et al., 2017). Several other studies are also in contrast with the idea that the major 
mechanism by which shelterin protects the telomere from illicit DNA damage signaling and repair is by main-
taining the compact state of the telomere and restricting access to DDR and other proteins. Namely, when 
DSBs are made inside the telomeric repeat tract there is a robust DDR activation despite the presence of a 
functional shelterin complex (Cho et al., 2014a; Doksani and de Lange, 2016; Tang et al., 2013). In addition, 
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telomeres are frequently associated with large protein complexes such as telomerase in S phase or the MRN 
complex, ATM and ATR and other accessory factors even in the presence of the shelterin (Schmidt et al., 
2016; Verdun and Karlseder, 2006; Zhu et al., 2000). Finally, removal of shelterin does not affect the sensitivity 
of the telomeric chromatin to MNase digestion (Tommerup et al., 1994) and does not alter the accessibility to 
Tn5 transposase integration (Timashev et al., 2017). Collectively, these studies support the model that DDR 
at deprotected telomeres is activated by a chain of molecular events unleashed by shelterin removal, rather 
than by physical change of telomeric chromatin. 

We have also investigated whether SMCHD1 and LRIF1 would mediate telomere compaction similarly 
to their function at the inactive X chromosome. We did not observe any effect on higher order telomere struc-
ture after SMCHD1 and LRIF1 depletion. Thus, the proteins tested in our experiments including TRF1, TRF2, 
SMCHD1, and LRIF1 did not mediate the compacted state of the telomere. The question remains by which 
molecular mechanisms telomeres are compacted and how the organization of telomeric chromatin compares 
to the rest of the genome. As discussed earlier telomeric DNA is wrapped around nucleosomes and this is 
possibly one mechanism for compacting the ends of linear chromosomes (Tommerup et al., 1994). Addition-
ally, these nucleosomes are decorated with repressive chromatin marks that mediate recruitment of hetero-
chromatin proteins and organize the higher order compaction state of the telomere (reviewed in Blasco, 2007). 
It would be interesting to disrupt this molecular network by, for example, removal of HP1 and use the STORM-
based method to assess changes in the volume of telomeres. The data acquired in our experiments can further 
be used to investigate the physical parameters of telomere compaction by modeling the telomeric chromatin 
fiber using computational approaches. Also, our experiments were performed in interphase cells and interest-
ing avenues might be ahead if we looked at how telomeric chromatin is organized in other cell cycle stages 
especially in metaphase. Preliminary experiments have prompted us to think that another useful application of 
the established microscopy method would be to analyze fragile telomeres and possibly elucidate their molec-
ular structure which is currently unknown.   

Furthermore, we investigated compaction independent roles of previously uncharacterized proteins 
SMCHD1 and LRIF1 at telomeres. We observed that these factors bind to telomeres in a length dependent 
manner and that their binding is counteracted by the shelterin protein TRF2. We have discovered a yet un-
described requirement for these proteins in c-NHEJ at unprotected telomeres. We were able to show that this 
requirement is dependent on the function of SMCHD1 and possibly LRIF1 in activation of the DNA damage 
signaling cascade in the most upstream steps. As this step in the process is still mechanistically poorly under-
stood, our results contribute to solving the puzzle of ATM activation. In addition, we observed that SMCHD1 
removal delays the 3’ overhang processing upon TRF2 depletion, a step that is critical for efficient telomere 
fusion process. Previously, LRIF1 had not been implicated in the DNA damage response. Thus, our results 
open up interesting paths for future investigation of the roles of LRIF1 in DDR. It would be important to create 
cell lines harboring LRIF1 knockout to deepen the understanding of how it contributes to promoting DNA dam-
age repair. An important question that arises from our research is whether the two proteins act in a similar 
manner in the genome wide response to DNA damage and if they are important for efficient DNA repair at 
other heterochromatic loci whose repair is exclusively dependent on ATM (Goodarzi et al., 2008b; Noon et al., 
2010). To tackle this question time course experiments in cells treated with different genotoxic stresses (e.g. 
γ-Irradiation, Camptothecin, Zeocin, Bleomycin, Hydroxyurea) are required. These experiments could help us 
to delineate what kind of DNA lesions (if any) require SMCHD1/LRIF1 for efficient DNA damage signaling and 
repair. Additionally, these experiments could help us understand if heterochromatin breaks that are repaired 
with slower dynamics rely on these two proteins for repair. Systems for more specific and thus cleaner double 
strand break induction, such as those based on FokI nuclease, could also contribute to elucidating the exact 
mechanisms by which these proteins function. These systems enable us to look at two very defined loci (telo-
meres and LacO array sequences) and compare how different chromatin contexts might influence DNA dam-
age repair dynamics (Cho et al., 2014b; Shanbhag et al., 2010). Experiments in live cells with endogenously 
tagged shelterin proteins could shed light on the question if telomere mobility required for efficient DNA dam-
age repair is affected by lack of SMCHD1 and LRIF1. These experiments would be interesting in the light of 
recent findings that SMC5/6 protein complex is required for relocalization of heterochromatic double strand 
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breaks to the nuclear periphery and for suppression of aberrant HR-mediated repair at repeated sequences 
(Caridi et al., 2018; Chiolo et al., 2011; Dion et al., 2012). Our experiments have been conducted in HeLa cells 
that have perturbed checkpoint signaling and it would also be important to test the effects of SMCHD1 and 
LRIF1 depletion on DDR in wildtype cells such as Retinal Pigment Epithelium (RPE1) or human fibroblasts.  
Although we have been able to very specifically narrow the steps in the DNA damage cascade that SMCHD1 
and LRIF1 are required for, the exact mechanism of their action is still not clear. Further experiments that will 
reveal their interactors at uncapped telomeres and experiments that will tackle which protein domains are 
important for function in DDR might provide us with enough information to explain how these proteins perform 
their functions at telomeres and genome wide. We have been able to tag LRIF1 with tags used for proximity 
labeling techniques such as BioID (Roux et al., 2012) and we are interested in discovering its interactors at 
uncapped telomeres to better understand the exact mechanisms by which it helps DNA damage repair. Fur-
thermore, we have cloned SMCHD1 rescue constructs that harbor a mutation in the ATPase domain and 
LRIF1 rescue constructs with mutations in the HP1 and SMCHD1 interacting domains to be able to delineate 
the exact interactions involved in the process of DDR. It would also be interesting to deplete chromatin modi-
fiers such as HP1 and test if this phenocopies the effects observed upon SMCHD1 and LRIF1 removal at 
damaged telomeres. This would strengthen the conclusion that they act in activating the DNA damage signal-
ing cascade by remodeling the chromatin structure. In addition, how modified chromatin structure affects DDR 
activation is unclear and experiments that test recruitment of ATM and the MRN complex to uncapped telo-
meres are required for further understanding of this mechanism. An alternative hypothesis for SMCHD1 and 
LRIF1 function in ATM dependent DDR is by modulating the amplification of the signal mediated by MDC1 
(Dimitrova and de Lange, 2006b; Stewart et al., 2003; Stucki et al., 2005). To test this hypothesis analysis of 
the ATM signaling phenotype after MDC1 depletion in SMCHD1 KO cells is required. Altogether, the proposed 
experiments in addition to the already obtained experimental data could very precisely dissect the molecular 
functions and networks of SMCHD1 and LRIF1 at uncapped telomeres and genome wide and potentially help 
to understand the complex signaling cascade involved in response to DNA damage.  

This study illustrates that unprotected telomeres are a very useful model to study DNA damage re-
sponse pathways. On the other hand, this study reminds us that DNA damage response cascades are context 
dependent and that they might differ between heterochromatin and euchromatin. Thus, investigating phenom-
ena occurring at deprotected telomeres has once again broadened our knowledge of how basic cellular pro-
cesses occur. We have discovered novel factors involved in DNA damage signaling and expanded the current 
knowledge of how cells deal with toxic DNA lesions. 
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