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ABSTRACT 

Telomeres are nucleoprotein structures located at the physical ends of eukaryotic 

chromosomes that ensure genome integrity. Dynamic changes in telomere length and 

structure play key roles in replicative aging, genome stability and cancer. A repressive 

chromatin structure is a common feature of telomeric repeats from yeast to man and plays 

an important role in the control of telomere length homeostasis and telomeric 

recombination. The chromatin structure of telomeric repeats is defined by the H3K9 

specific histone methyltransferases (HMTases) Suv39h1 and Suv39h2. The imposition of 

H3K9me3 provides a high-affinity binding site for HP1 and the sequential recruitment of 

the Suv4-20h1 and Suv4-20h2 HTMases to establish constitutive heterochromatin at 

telomeres. Notably, the heterochromatin at telomeres and subtelomeres remains still 

permissive for transcription. DNA methylation sensitive subtelomeric promoters recruit 

RNA polymerase II that gives rise to 0.1 – 9kb UUAGGG repeat containing long non-

coding RNAs (TERRA, telomeric repeat-containing RNA). TERRA is a nuclear RNA that 

associates with telomeric chromatin and contributes to heterochromatin formation. In 

addition, TERRA has been connected to pathways of telomere homeostasis including 

telomere length regulation, replication, recombination and the DNA damage response. 

Providing an assembly platform for a variety of proteins, TERRA may sustain additional 

pathways of telomere regulation. 

My PhD thesis aimed to define the impact of Suv39h1 overexpression on telomere 

homeostasis and carcinogenesis using a transgenic mouse model (project 1) and to obtain 

new insights into the molecular function of TERRA in telomere regulation by identifying 

novel proteins with binding specificity for TERRA (project 2).  

Project 1: Altered telomere homeostasis and resistance to carcinogenesis in Suv39h1 

transgenic mice  

We use a transgenic mouse model system to study the impact of Suv39h1 on telomere 

homeostasis and carcinogenesis in vivo. Suv39h1 overexpression enhances the imposition 

of H3K9me3 levels at constitutive heterochromatin at telomeres in primary mouse 

embryonic fibroblasts and is linked with telomere shortening. We further show that 

increased Suv39h1 levels results in an impaired clonogenic potential of transgenic 
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epidermal stem cells and Ras/E1A transduced transgenic primary mouse embryonic 

fibroblasts. Importantly, Suv39h1 overexpression confers resistance to skin carcinogenesis. 

Our results provide evidence that Suv39h1 controls telomere homeostasis and mediates 

resistance to oncogenic stress in vivo. 

Project 2: Identification of novel TERRA interactors that control mammalian telomeres 

An RNA pull-down approach followed by mass spectrometry identified two novel TERRA 

interacting proteins that belong to the Drosophila behavior human splicing family (DBHS): 

polypyrimidine tract-binding protein-associated splicing factor (PSF) and the nuclear RNA-

binding protein 54 kDa (p54nrb). PSF and p54nrb form a complex and are multifunctional 

regulators of RNA metabolism, transcription and DNA damage repair.  

We demonstrated that the PSF/p54nrb complex locates at telomeres and prevents 

telomere fragility and telomeric recombination by suppressing telomere:TERRA DNA-RNA 

hybrids formation. In particular, we found that depletion of p54nrb and PSF correlates 

with an accumulation of nuclear TERRA foci and activation of DNA damage response at 

telomeres. Elucidating the mechanism by which p54nrb and PSF depletion leads to 

dysfunctional telomeres, we found an increased loading of RPA32pSer33 to telomeres, 

demonstrating replicative stress at chromosome ends. This effect is caused by an increased 

amount of telomere:TERRA DNA-RNA hybrids that results the exposure of the TTAGGG 

containing, telomeric lagging strand. This type of structure is named R-loop and represents 

an obstacle for the replication machinery; consequently telomeric R-loops could impede 

correct replication of chromosome ends and induce telomere fragility. In line with this, 

Chromosome Orientation FISH (CO-FISH) analysis revealed that depletion of p54nrb 

selectively increases lagging strand telomere fragility in U2-OS. Unexpectedly, PSF RNAi 

causes reduced lagging strand telomere fragility compared to control cells. However, this 

effect is paralleled by a drastic increase of Telomeric Sister Chromatid Exchange (T-SCE) 

frequency. Essentially, loss of PSF unleashes the Homologous Recombination (HR) 

machinery at telomeres, allowing the rescue of telomere fragility and promoting telomere 

elongation in ALT cells. Altogether, we demonstrate that PSF/p54nrb complex is essential 

to suppress telomere:TERRA DNA-RNA hybrids formation thereby preventing telomeres 

fragility and recombination. This represents a new molecular mechanism that is essential 

to safeguard telomere stability in human cancer cells.  
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1. Introduction 

1.1 Telomeres: general features     

1.1.1 Historic background of telomere biology 

Telomeres are nucleoprotein structures located at the physical ends of eukaryotic 

chromosomes. Their unique role in the maintenance of genome integrity was revealed by 

the pioneering studies of the geneticists Hermann J. Muller and Barbara McClintock in 

1930s. Hermann J. Muller working with Drosophila melanogaster, observed that the ends 

of irradiated chromosomes differently from the rest of the genome did not present 

alterations such as deletions or inversions. This observation suggested the existence of a 

protective cap essential for chromosome integrity. He decided to name these caps 

“telomeres”, meaning: telos (end) and meros (part) (Muller H.J. et al. 1938). 

Independently, Barbara McClintock, who used corn (Zea mays) for her studies on 

genetics, described that the rupture of the chromosomes induced by X-ray irradiation 

resulted in the fusion of their ends giving rise to dicentric chromosomes (McClintock B. et 

al. 1939). According to their conclusions, telomeres play a crucial role in chromosome 

end protection, genome stability and faithful segregation of chromosomes during cell 

division.   

About 30 years after Muller and McClintock, new evidences in the field of molecular and 

cellular biology contributed to define the role of telomeres. In the early 1960s, Leonard 

Hayflick described that human primary fibroblasts have a limited proliferative potential in 

cell culture. Fibroblasts were found to divide between 60 and 80 times before entering in 

a state, called senescence, in which the cells are arrested in the cell cycle but remain 

metabolically active (Hayflick L. 1965). Ten years later, when the mechanisms subjacent 

to the replication of the deoxyribonucleic acid (DNA) were revealed, James Watson 

identified the “end replication problem”. The end replication problem describes the 

incapacity of eukaryotic cells to completely replicate the linear ends of the DNA: DNA 

polymerases synthesize DNA in the 5’! 3’ direction using a 8-12 base segment of RNA as 

a primer. The leading strand can be continuously synthesized while the lagging strand is 

synthesized in short RNA-primed Okazaki fragments. After extension, the RNA primers are 

removed and resulting gaps are filled by DNA polymerase priming from upstream DNA 3’ 
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ends. Removal of the most distal RNA primer located at the very end of the chromosome 

generates a gap of 8-12nt that cannot be filled up (Figure 1.1)(Watson J.D. 1972). In that 

way, proliferating human somatic cells show progressively shorter telomeres after each 

round of cell division.  

 

 

Figure 1.1. Semi-conservative DNA synthesis implicates the end-replication problem. Failure to fill in the gap resulting from the 
removal of the most distal RNA primer leads to a small loss of DNA in each round of DNA replication (taken from Vega L.R. et al. 
2003). 

 

The russian scientist Alexsei Olovnikov linked the so called “Hayflick limit” and the 

problem of terminal replication. He proposed that the “end replication problem” causes 

the progressive telomere shortening and it acts as an internal clock to determine the 

number of divisions that a cell could experience throughout its life thereby controlling 

organismal aging (Olovnikov A.M. 1973). These evidences also suggested that the cells 

might have a strategy to maintain their telomeric length during normal DNA replication. A 

key step to understand this strategy consisted in the identification of telomeric DNA 

sequence and the telomerase reverse transcriptase. The first chromosome terminal DNA 

sequence was identified in Ciliates such as Tetrahymena or Oxytricha that show a distinct 

organization of genomic DNA than other eukaryotic organisms. In particular, 

Tetrahymena and Oxytricha contain a micronucleus with normal chromosomes and a 

macronucleus that contains fragmented chromosomes consisting of multiple small 

segments of DNA that encode ribosomal RNA (rDNA) (Blackburn E.H and Gall J.G. 1978; 

Gall J.G 1974). The ends of these DNA molecules were found to contain multiple 

repetitions of a hexanucleotid CCCCAA/GGGGTT, that were subsequently also identified 

at the end of chromosomes located in the micronucleous (Yao M.C. et al. 1981). 

Importantly, Jack W. Szostak and Elizabeth H. Blackburn were able to demonstrate that 

repetitive sequences of Tetrahymena located at the end of a linear plasmid stabilize DNA 
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fragment in S. cerevisiae, thus acting as telomere (Szostak J.W. and Blackburn E.H. 1982). 

Similar results were also obtained removing one Tetrahymena telomere by restriction 

enzyme digestion and adding the yeast telomeres to the ends of Tetrahymena 

chromosomes (Shampay J. et al. 1984). This provided strong evidence for a high 

evolutionary conservation of the telomeric sequence and function. Using similar strategy 

human telomeres were joined to artificial chromosome in S. cerevisiae. As expected, the 

chimeric yeast-human chromosomes propagated like linear chromosomes (Riethman H.C. 

et al. 1989). The study of telomere sequences of diverse species revealed that telomeres 

consist of TG-rich tandem repeats that can have a size range from several hundreds base 

pairs in yeast to tens of kilobases in mammals (Meyne J. et al. 1989) (Table 1). 

 

 
Table 1. Telomere length and telomere sequence in different species (taken from Oeseburg H. et al. 2010). 

 

In 1985, Elizabeth Blackburn and Carol Greider discovered the molecular mechanism that 

maintains telomere length in eukaryotic cells. They used extracts of cells of T. thermophila 

and synthetic telomeric primers. Their results demonstrated de novo synthesis of tandem 

TTGGGG repeats, which were added to the oligonucleotide primers. The enzyme 

executing this function was defined as telomere terminal transferase, or telomerase 

(Greider C.W. and Blackburn E.H. 1985).  

 

1.1.2 Vertebrate telomere sequence and structure 

In mammals, chromosome ends are composed of 5’-TTAGGG-3’ tandem repeats (G-rich 

strand) and a complementary sequence 3’-AATCCC-5’, defined as C-rich strand (Figure 
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1.2A). Human telomere length is typically 10–15 kilobases (kb) at birth, whereas the 

telomeres of laborarory mice and rats are 20-50 kb (Palm W. and de Lange T. 2008). The 

terminus of mammalian telomeres is not blunt-ended, but consists of a single-stranded 

protrusion of the G-strand, reffered to as the “G-overhang” that varies between 50-500 nt 

(Figure.1.2A) (McElligott R. and Wellinger R.J. 1997). Experiments focussing on the 

physical structure of chromosome ends in mouse and human revealed that protein-free 

DNA is organized in a large, looped structure called “t-loop” (Griffith J.D. et al. 1999) 

(Figure 1.2B-C). In fact, the 3’-end of G-strand telomere (G-overhang) invades a region of 

telomeric double-stranded DNA (dsDNA) to form a displacement-loop (D-loop) and a 

looped region of double stranded telomere repeats (T-loop) (Nikitina T. and Woodcock 

C.L. 2004). On the functional level the T-loop structure masks the DNA terminus from 

DNA double-stranded break (DSB) repair machinery and limits the access of telomerase 

(Griffith J.D. et al. 1999).  

 

 

 

Figure 1.2. The structure of human telomeres. A. Human chromosomes ends consist of an array of TTAGGG repeats that varies in 
length. Proximal to the telomeric repeats is a segment of degenerate repeats and subtelomeric repetitive elements. The telomere 
terminus contains a long G-strand overhang. B. Telomeric 3’-overhang folds up and invades the double-stranded DNA forming D-loop 
and T-loop structure. C. Representative image of T-loop structure captured by electron microscope. (taken from Palm W. and de Lange 
T. 2008). 

 

1.1.3  Protein complexes that regulate telomere homeostasis 

1.1.3.1 The Telomerase complex  

Normal somatic cells can perform a limited number of cell division before entering 

senescence. In contrast, stem cells or cancer cells can proliferate indefinitely due to the 

activity of a reverse transcriptase named “telomerase” that compensates telomere attrition 

caused by the end replication problem. Telomerase complex core components are the 

telomerase reverse transcriptase catalytic subunit (TERT in mouse and human) and the 

C A 

B 



Introduction 

! ! ! 5 

RNA component (TERC in mouse, hTR in human) (Smogorzewska A. and de Lange T. 

2004). The telomerase catalytic subunit (TERT) recognizes the 3’OH of the G-overhang 

and synthesizes TTAGGG repeats using the RNA component (TERC) as a template. In 

addition to TERT and TERC, other proteins that regulate the biogenesis and correct 

assembly of telomerase in vivo are part of the telomerase complex: TCAB1, dyskerin and 

its associated proteins NHP2, NOP10, GAR1 (Chan S.R. and Blackburn E.H. 2004, 

Smogorzewska A. and de Lange T. 2004).  

Human telomerase consists of two subunits of TERT and two TERC molecules (Cohen S.B. 

et al. 2007) (Figure.1.3A). The catalytic subunit is a 127kDa protein that contains four 

functional domains: N-terminal domain (TEN), a RNA binding domain (TRBD), the reverse 

transcriptase domain (RT) and the conserved C-terminal domain (CTE) (Figure. 1.3B). 

Thanks to the TEN domain, the enzyme binds to the single-stranded G-overhang and 

performs the catalytic reaction using the RT domain (Chen J.L. and Greider C.W. 2003; 

Lai C.K. et al. 2003; Jacobs S.A. et al. 2006; Mitchell M. et al. 2010). The TRBD is 

essential for ribonucleoprotein assembly (Rouda S. and Skordalakes E. 2007; Mitchell M. 

et al 2010), while the CTE is especially implicated in DNA-RNA binding and processivity 

(Gillis A.J. et al. 2008; Mitchell M. et al 2010).  

The second key telomerase component TERC is transcribed by RNA polymerase II and has 

a size of 451 nucleotides in humans (Feng J. et al. 1995). TERC contains a core domain 

that includes the template for reverse transcription (5’-CUAACCCUAAC-3’) and conserved 

regions (CR3, CR4, CR6, CR7, CR8) that are used as anchor points for the sequence 

alignment. Remarkably, telomerase RNA contains a H/ACA box and a CAB box motif that 

define two classes of non-coding RNAs: the Small nucleolar RNAs (snoRNAs) and the 

Small Cajal-body specific RNAs (scaRNAs), respectively (Chen J.L. et al. 2000) (Figure 

1.3A). The H/ACA box represents a binding site for dyskerin, an RNA-binding protein that 

together with three associated proteins (NHP2, NOP10, GAR1) controls the stability of 

TERC (Meier U.T. 2005; Pogacic V. et al. 2000; Artandi S.E. and DePinho R.A. 2009). 

Differently, the CAB box of TERC is a binding site for the Cajal body protein TCAB1 that 

ensures maturation of the complex in the Cajal bodies (Venteicher A.S. et al. 2009).  
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Figure 1.3. Telomerase complex. A. Telomerase is a large RNP. Catalytic subunit TERT and RNA component TERC with associated 
telomerase factors : TCAB1, dyskerin and its three associated proteins NHP2, NOP10 and GAR (shown as small grey spheres) (Taken 
from Artandi S.E. and DePinho R.A. 2009). B. Predicted linear architecture of human TERT. NTE, RT and CTE domains are indicated 
(taken from Wyatt H.D.M. et al. 2010).  

 

Important evidence that demonstrates the importance of telomerase in development and 

disease comes from the generation of Terc knockout mice. Terc knockout mice do not 

show telomerase activity and are subjected to telomere shortening in successive 

generations (Blasco M.A. et al. 1997). This finally leads to an anticipated onset of aging 

related pathologies such as such as alopecia, intestinal atrophy, hair graying, infertility, 

heart dysfunction, bone marrow aplasia, kidney dysfunction, defective bone marrow and 

proliferative defects of neural stem cells (Lee H.W. et al. 1998; Herrera E. et al. 1999; 

Samper E. et al. 2002; Leri A. et al. 2003; Ferron S. et al. 2004; Blasco M.A. 2005; Garcia-

Cao I. et al. 2006). Interestingly, in Terc deficient mice critically short telomeres became 

dysfunctional and are detected as damaged DNA triggering cell cycle arrest or apoptosis 

at the cellular level (Leri A. et al. 2003; Samper E. et al. 2002; Gonzalez-Suarez E. et al. 

2000; d’Adda di Fagagna F. et al. 2003; Takai H. et al. 2003). In line with this, Terc 

deficient mice are resistant to both induced and spontaneous tumorigenesis (Gonzalez-

Suarez E. et al. 2000). This indicates that short telomeres are potent suppressors of cancer. 

Conversely, overexpression of the telomerase reverse transcriptase in Tert over-expressing 

mice results in an augmented proliferation of the skin cells that increases susceptibility to 

skin carcinogenesis (Gonzalez-Suarez E. et al. 2001; Cayuela M.L. et al. 2005; Flores I. et 
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al. 2005). Telomerase overexpression in mice engineered to be cancer resistant (enhanced 

expression of the tumor suppressors p53, p16, and p19ARF) demonstrated the impact of 

telomerase overexpression on organismal aging. In this mouse model, median lifespan 

was increased of 40% demonstrating an anti-aging activity of Tert in the context of a 

mammalian organism (Tomas-Loba A. et al. 2008). 

 

1.1.3.2 The Shelterin complex 

Telomeric DNA is specifically bound by the multi-protein complex shelterin, that consists 

of six core components: Telomere Repeat Binding Factors 1 and 2 (TRF1 and TRF2), 

Protection Of Telomeres 1 (POT1), TRF2- and TRF1-Interacting Nuclear protein 2 (TIN2), 

TPP1  (known as TINT1, PTOP, or PIP1) and RAP1 (the human ortholog of the yeast 

Repressor/Activator Protein 1). Shelterin enables cells to distinguish their natural 

chromosome ends from DNA breaks, thereby suppressing DNA repair reactions at 

chromosome end (Diotti R. and Loayza D. 2011). In addition, Shelterin regulates telomere 

replication and recombination as well as telomere length homeostasis.  

Shelterin binding specificity for telomeric DNA is mediated by TRF1 and TRF2 that 

specifically bind to double stranded TTAGGG repeats as homo-dimers or –tetramers 

(Figure 1.4). POT1 is associated with the single-stranded TTAGGG repeats present at the 

telomeric 3’-overhang. Mouse genome contains two POT1 orthologs, Pot1a and Pot1b. 

The other three shelterin proteins: TIN2, TPP1 and RAP1 are indirectly associated to 

telomeric DNA (De Lange T. 2005). In addition to Shelterin, accessory factors interact 

dynamically with mammalian telomeres influencing its stability (Diotti R. and Loayza D. 

2011).  

 

 
 
Figure 1.4. Shelterin complex. Schematic of the interactions among the six components of Shelterin and their interaction with telomeric 
DNA  (taken from Doksani Y. and de Lange T. 2014). 
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Important insights into shelterin function come from mouse model systems. In line with 

the high relevance of telomeres, single abrogation of TRF1, TRF2, POT1a, TPP1 or TIN2 

results in early embryonic lethality (Karlseder J. et al. 2003; Celli G.B. and de Lange T. 

2005; Lazzerini Denchi E. et al. 2006; Hockemeyer D. et al. 2006; Wu L. et al. 2006; 

Kibe T. et al. 2010; Chiang Y.J. et al. 2004). Remarkably, abrogation of RAP1 does not 

affect mouse viability (Sfeir A. et al. 2010; Martinez P. et al. 2010). Conditional deletion of 

Trf1 correlates with the induction of senescence and an increase of DNA damage 

response at telomeres. The abrogation of p53 and pRB pathways in Trf1-deleted cells 

allows cell proliferation and leads to an increased telomere fragility and chromosomal 

instability (Martinez et al. 2009; Sfeir A. et al. 2009). Conditional deletion of mouse Trf2 

in p53-/- context correlates with a strong damage response at telomeres and the loss of 

3’overhang at telomeres, leading to chromosome end to end fusion by the non-

homologous end-joining pathway (Celli G.B. and de lange T. 2005). Differently, TRF1 or 

TRF2 overexpression correlates with telomere shortening and increased chromosomal 

instability (Munoz P. et al. 2009, Munoz P. et al. 2005). Altogether data from mouse 

models demonstrate that TRF1 and TRF2 are essential for the survival of the organism and 

play a critical role in telomere replication, length regulation and protection from DNA 

damage response and repair.  

The role of POT1 in telomere function in vivo has been studied using POT1 deficient 

mouse models. Conditional deletion of Pot1a has been demonstrated to elicit a DNA 

damage response at telomeres leading to senescence (Wu L. et al. 2006). In addition, 

Pot1a-deficient cells exhibit an increase in telomere length and telomeric 3' overhang 

elongation and also show aberrant homologous recombination (HR) at telomeres. 

Together these results demonstrate the critical role of POT1 in telomere length regulation, 

suppression of DNA damage response and homologous recombination. Importantly, 

deletion of TPP1 from mouse embryonic fibroblasts resulted in a release of POT1a and 

POT1b from telomere (Kibe T. et al. 2010). Furthermore, the telomere dysfunction 

phenotypes associated with deletion of TPP1 were identical to those of POT1a/POT1b 

knockdown cells, specifically: suppression of DNA damage response at telomere and 

3’overhang elongation.  

TIN2 links TPP1/POT1a (and POT1b) to TRF1 and TRF2 on the double-stranded telomeric 

DNA and its deletion in mouse cells led to the loss of TPP1/POT1a at telomeres causing 



Introduction 

! ! ! 9 

accumulation of RPA and the induction of ATR pathway (Takai K.K. et al. 2011).  In 

contrast to other shelterin components, RAP1 is not essential for telomere protection but is 

important to repress homology-directed repair (HDR) at telomere as observed in Rap1 

deficient mouse (Sfeir A. et al. 2010). In addition, RAP1 has been demonstrated to bind to 

telomeric and extratelomeric sequences in proximity of genes, thus suggesting a role in 

transcriptional regulation (Martinez P. et al. 2010). 

Together these studies demonstrated a well-established role of shelterin complex in the 

control of telomere length and in the suppression of DNA damage response and repair, 

but also in telomere replication and recombination. 

 

1.1.4 Telomeres in aging and diseases 

 Although telomeres represent the part of the genome dedicated to genomic protection, 

they are sensitive to damage by several mechanisms. As mentioned before, adult human 

cells have very low or undetectable telomerase activity whereby they encounter telomere 

attrition during cell divisions that leads to critically short or deprotected telomeres 

(Blackburn E.H et al. 2006). In addition, telomeric G-rich sequence is more susceptible to 

oxidative damage reactions (Petersen S. et al. 1998) and DNA replication stress (Sen D. 

and Gilbert W. 1988; Maizels N. and Gray L.T. 2013). Importantly, telomerase and 

shelterin complexes play a crucial role in maintenance of telomere length homeostasis 

and telomere protection and replication, thus ensuring telomere stability.  

An inadequate telomere maintenance can cause aging phenotypes as demonstrated by 

laboratory model systems (see Terc deficient mice in par. 1.1.3.1) and monogenetic 

“inherited telomere syndromes” (Armanios M. and Blackburn E.H 2012). To date, single-

gene inactivating mutations are reported in 11 human genes that encode proteins with a 

well-established role in telomere maintenance.  These include components of telomerase 

complex (TERC, TERT, DKC1, NOP10, WRAP53) or telomere binding proteins with a 

protective role (TINF2, RTEL, POT1, CTC1, TPP1) (Armanios M. and Blackburn E.H 2012; 

Glousker G. et al. 2015). Almost all these diseases correlate with excessive telomere 

shortening and consequent loss of telomere protection. These syndromes often shared 

similar characteristics: loss of immune function due to the loss of bone morrow stem cell 

reserves, specific cancer types, pulmonary fibrosis, gastrointestinal disorders, 
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neuropsychiatric condictions, diabetes, myocardiacal infarction, hair graying and skin 

pigmentation (Walne A.J. and Dokal B.J 2009). In addition, similarly to Terc deficient 

mice that show telomere shortening in successive generations, telomere syndromes show 

genetic anticipation of mutation in succeeding generations of a family pedigree.  

Importantly, telomere maintenance plays a crucial role in tumor formation and 

progression. To bypass the end replication problem, cancer cell maintain telomere length 

by different mechanisms that in 90% of tumors correspond to telomerase reactivation (for 

more details see par. 1.4). Interestingly, mutations in Pot1 gene correlate with telomeric 

protection defects and cause a specific glioma type (Walsh K.M. et al. 2013). 

Altogether this demonstrates how telomeres are important players at the interface between 

cancer and aging. 

 

1.2 DNA damage control at telomeres 

1.2.1 DNA damage response in mammalian cells 

During their lifespan, eukaryotic cells are continuously exposed to intrinsic and extrinsic 

sources of DNA damage, a threat to genome integrity. To counteract this problem cells 

developed the DNA damage response pathways (DDR). DNA damage factors can be 

divided into three groups: sensors, transducers, and effectors depending on their function 

and the phase of the DDR they take part  (Zhou B.B. and Elledge S.J. 2000).  

The two most important transducers of DNA damage response belong to 

phosphatidylinositol 3-kinase-like-protein kinase family (PIKKs) and are represented by 

ATM (Ataxia telangiectasia mutated) and ATR (ATM and Rad3-related protein) kinases 

(Lempiainen H. and Halazonetis T.D. 2009; Lovejoy C.A. and Cortez D. 2009). ATM 

protein was identified in the human genetic disorder ataxia-telangiectasia that causes 

hypersensitivity to radiation and a defective response to a specific DNA lesion (Metcalfe 

J.A. et al. 1996; Pandita T.K. 2002). In contrast to ATM, ATR is essential for the cells, its 

deletion leads to early embryonic lethality in mouse and cell lethality in human cells 

(Brown E.J. and Baltimore D. 2000, 2003; de Klein A. et al. 2000; Cortez D. et al. 2001). 

This underlines that ATM and ATR are essential to signal DNA lesions and to induce a 

DNA damage response that finally activates DNA repair pathways. Importantly, ATM and 

ATR have a well-established role in signaling DNA damage at critically short or 



Introduction 

! ! !11 

dysfunctional telomeres thus ensuring telomere stability (Karlseder J. et al. 1999; d’Adda 

di Fagagna F. et al. 2003; de Lange T. 2009; Mcnees C.J. et al. 2010; Takai K.K. et al. 

2011).! Interestingly, very recent works demonstrated additional roles of ATM and ATR at 

telomeres. In fact, ATM and ATR have been demonstrated to recruits telomerase to 

telomeres and ATM in addition, is required for telomere elongation in vivo (Tong A.S. et 

al. 2015; Lee S.S et al. 2015). These findings add further relevance to the crucial role 

performed by ATM and ATR at telomeres and explain the long-standing observation of 

short telomeres in the ATM-deficient cells derived from ataxia telangiectasia (AT) patients 

(Metcalfe J.A. et al. 1996; Smilenov L.B. et al. 1997).!
 

In mammalian cells, the main sensor of ATM pathway is the MRN complex composed by 

Mre11-Rad50-Nbs1 that recruits and activates ATM (Figure 1.5). ATM is activated not 

only by double-stranded DNA breaks (DSBs), but also by dsDNA ends with short single 

stranded DNA (ssDNA) that resembles “uncapped telomere” (Shiotani B. and Zou L. 2009; 

Celli G.B. and de Lange T. 2005). After activation of ATM, the subsequent events are: the 

phosphorylation of the histone variant γH2AX at the site of DNA damage by ATM (Meier 

A. et al. 2007; Savic V. et al. 2009), the spreading of γH2AX along the chromatin through 

the interaction with MDC1 (Stewart G.S. et al. 2003; Lee M.S. et al. 2005; Stucki M. et al. 

2005; Lou Z. et al. 2006), accumulation of DNA-damage mediator 53BP1 and consequent 

activation of CHK2 downstream kinase (Shiloh Y. 2003; Lavin M.F. 2008).  

ATR is activated in response to different types of DNA damage, including DSBs, base 

adducts, crosslinks and replication stress. However a single DNA structure is responsible 

for ATR activation and this structure contains single-stranded DNA (ssDNA) (Zhou B.B. 

and Elledge S.J. 2000; Jazayeri A. et al. 2006; Cimprich K.A. et al. 2008).! The current 

model for ATR activation proposes that ATR is recruited at the site of DNA damage, or 

replication stress, and interacts with its cofactor ATRIP (ATR-Interacting Protein) that binds 

directly to RPA-coated ssDNA (Figure 1.5) (Zou L. et al. 2003; Ball H.L. et al 2005; Cortez 

D. et al. 2001). Importantly, activation of ATR requires the recruitment of ATR activators: 

the checkpoint clamp Rad9-Hus1-Rad1 (9-1-1 complex) that needs the Rad17-Rfc2-5 

clamp to be loaded at stalled replication forks, TOBP1 and claspin (Cimprich K.A. et al. 

2008). All these factors allow full activation of ATR. Recent data suggest that 

autophosphorylation of ATR is also important for its kinase activity (Liu S. et al. 2011). To 
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coordinates cell cycle arrest or fork restart ATR phosphorylates chromatin bound or 

soluble substrates. Among these, there are: γH2AX, the RPA2 subunit of RPA, subunits of 

ORC complex, DNA polymerase ε, and the CHK1 downstream kinase (Ward I.M. et al. 

2001; Carty M.P et al. 1994; Robison J.G. et al. 2004; Matsuoka S. et al. 2007; Liu Q. et 

al. 2000). Claspin and TOPBP1 are necessary to induce CHK1 phosphorylation (Lee J. et 

al. 2003). TOPBP1 is a multi-functional protein that plays a role in both DNA synthesis 

and checkpoint activation and its interaction with MDC1 is important for CHK1 

phosphorylation (Wang J. et al. 2011). 

The cell cycle checkpoint kinases CHK2 and CHK1 are the main downstream kinases of 

ATM and ATR, respectively. These two kinases act to reduce cyclin-dependent kinase 

(CDK) activity by various mechanisms, some of which are mediated by activation of the 

p53 transcription factor or by inhibition of the phosphatases CDC25 (Bartek J. and Lukas J. 

2007; Riley T. et al. 2008; Kastan M. B. and Bartek J. 2004). p53 and the CDC25 

phosphatase represent the bottom elements (effectors) of DNA damage response signaling 

cascade that interface these pathways with the core of the cell-cycle progression 

machinery in order to induce a transient arrest, apoptosis, or senescence.  

 

 
 
Figure 1.5. DNA damage response. The DDR is activated by DSBs and/or by the single-stranded DNA coated by RPA. DSBs are sensed 
by the MRE11–RAD50–NBS1 (MRN) complex that recruits the protein kinase ATM. ATM undergoes autophosphorylation and 
phosphorylates the histone H2A variant H2AX at the site of DNA damage. γH2AX is recognized by MDC1. MDC1 recruitment to 
γH2AX fuels the additional accumulation of MRN (to which MDC1 binds), which leads to amplified local ATM activity and the 
spreading of H2AX along the chromatin from the DSB. Exposure of modified histone residues further boosts the accumulation of the 
DNA-damage mediator 53BP1 at the sites of DNA damage, in addition to the ability of 53BP1 to bind to MDC1 directly. 
Phosphorylation and activation of the protein kinase CHK2 by ATM is dependent on MDC1 and 53BP1. RPA-coated single-stranded 
DNA triggers the recruitment of the heterodimeric complex ATR /ATRIP. ATR activity is boosted by additional ATR targets, such as the 
RAD9–HUS1–RAD1 (9–1–1) and RAD17–RFC complexes. In addition, ATR activity is stimulated by TOPBP1 and claspin, which is 
necessary for CHK1 phosphorylation. Both CHK1 and CHK2 are responsible for DDR signalling in distant nuclear regions from the 
DNA-damage site. Finally, p53 and the CDC25 phosphatases are the bottom elements of the DDR signalling cascade that interface this 
pathway with the core of the cell-cycle progression machinery. DDR-mediated arrest can be transient, and if DNA damage is effectively 
removed cells resume normal proliferation. However, if DNA damage is particularly severe, cells may undergo apoptosis or enter a 
protracted DDR-induced cell-cycle arrest that is termed cellular senescence (taken from D’adda di Fagagna F. 2008). 
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1.2.2 Repression of DNA damage response at telomeres 

Shelterin allows t-loop formation that prevents telomeres from being recognized as 

double-stranded breaks by DNA damage signalling (Griffith J.D. et al. 1999). 

Dysfunctional telomeres could arise through natural or experimentally induced attrition of 

telomeric DNA or by inhibition or depletion of shelterin components. Uncapped 

chromosome ends are recognized as DSBs by the DDR pathways leading to the 

accumulation of DNA damage sensors such as 53BP1, MDC1 or γH2AX at telomeres. The 

association of these DDR factors with dysfunctional telomeres forms structures called 

telomere dysfunction induced DNA damage foci (TIFs) that can be visualized in 

immunofluorescence stainings (Figure 1.6, left panel) (Takai H. et al. 2003; d’Adda di 

Fagagna F. et al. 2003; Dimitrova N. and de Lange T. 2006). Loss of function experiments 

have shown the specific contribution of the different shelterin components in eliciting 

ATM/ATR activation at telomere. In particular, TRF2 has a major role in preventing ATM 

activation, while POT1/TPP1 and TRF1 are most involved in ATR signaling inhibition. 

Deletion of TRF2 in mouse cells or its inhibition with a dominant negative allele in human 

cells, results in a DDR mediated by ATM (Celli G.B. and de Lange T. 2005; Karlseder J. et 

al. 1999) (Figure. 1.6, right panel). Recent data support a two-step mechanism for TRF2-

mediated end protection (Okamoto K. et al. 2013). The initial step requires the 

dimerization domain of TRF2 that inhibits ATM activation. Next, TRF2 independently 

modulates the propagation of DNA damage signaling downstream of ATM activation, 

inhibiting the E3 ubiquitin ligase RNF168 at telomeres and consequently, preventing 

53BP1 localization and chromosome fusions (Okamoto K. et al. 2013).  

To prevent ATR activation TPP1/POT1a bind single-stranded telomeric DNA excluding 

RPA binding at telomeres (Figure. 1.6, right panel)(Takai K.K. et al. 2011). In addition, 

TIN2 is necessary for preventing ATR activation by TPP1/POT1a stabilization on the single 

stranded telomeric DNA.  

Conditional TRF1-deleted mouse embryonic fibroblasts (MEFs) show the activation of 

DNA damage response showed by abundant telomere γH2AX foci and ATM/ATR 

activation at chromosome ends (Martìnez P. et al. 2009; Sfeir A. et al. 2009). In addition, 

recent evidences introduced also a role of TRF1 in mediating replication stress-induced 

ATR signaling by a mechanism that involves TIN2-dependent recruitment of the 

TPP1/POT1 heterodimers to exclude RPA from the lagging strand template (Zimmermann 
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M. et al. 2014). Together these data demonstrate that Shelterin suppresses DNA damage 

response at telomeres. 

 

 
Figure 1.6. DNA damage response at telomere. Representative images of TIFs in TRF1-deleted mouse embryonic fibroblasts. Co-
localization of 53BP1 and telomeric probe indicate an activation of DNA damage response at telomere (left panel) (taken from Martinez 
P. et al. 2009). Representative model of telomere damage response regulated by Shelterin complex. TRF2 deletion induces the 
activation of ATM pathway due to the unprotected dsDNA at chromosome end; in contrast POT1 deletion leads to RPA recruitment at 
3’-overhang triggering the activation of ATR pathway (right panel) (taken from Palm W. and de Lange L. 2008).  

 

1.3 Telomeric DNA damage repair 

In addition to block DNA damage signaling, mammalian telomeres have to protect 

chromosome ends by the threat of DNA repair pathways: the non-homologous end 

joining (NHEJ) and the homology-directed repair (HDR) (Doksani Y. and de Lange T. 

2014). NHEJ is the predominant repair mechanism in mammalian cells and it acts quickly 

by sealing the breaks and inducing chromosome fusions with the consequent formation of 

microdeletions. In contrast, HDR is a complex high-fidelity repair mechanism based on 

homologous recombination that can lead to changes in telomere length. 

 

1.3.1 Repression of NHEJ 

Dysfunctional telomeres are threatened by classical NHEJ repair pathway dependent on 

the activity of Ku70/80 and DNA ligase IV (Smogorzewska A. et al. 2002; Celli G.B. and 

de Lange T. 2005; Celli G.B. et al. 2006). NHEJ processing of dysfunctional telomeres 

results in chromosome fusions (the telomeres of both chromatids are fused to telomeres of 

other chromosomes), chromatid fusions (a single chromatid fused to another) or sister 

chromatid fusions (Konishi A. and de Lange T. 2008; Smogorzewska A. et al. 2002; 

Dimitrova N. and de Lange T. 2009; Hsiao S.J. and Smith S. 2009). Among shelterin 
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components, TRF2 has a crucial role in the repression of NHEJ: firstly through a 

mechanism that involves T-loop formation, but also through its recently discovered 

Inhibitor of DNA Damage Response domain (iDDR domain) (Okamoto K. et al. 2013).  

This domain interacts with both the MRN complex and the BRCC36 de-ubiquitinating 

enzyme, inhibiting the loading of 53BP1 at the sites of DNA damage. In addition to TRF2, 

POT1 and TPP1 have also a role in suppressing NHEJ. This was demonstrated in 

knockdown experiments for human POT1 or in POT1 knockout mouse cells that result in 

chromosome end-to-end fusions. In addition, telomere fusions have been observed in 

cells depleted of TPP1, presumably due to its role in POT1 recruitment and TRF2 

stabilization at telomeres (Hockemeyer D. et al. 2007; O’Connor M.S. et al. 2006). 

   

1.3.2 Homology-directed repair reactions at telomeres 

In mammalian cells, homologous recombination (HR) represents an accurate mechanism 

to repair DNA double-strand breaks (DSBs). The presence of tandem repeats and single 

strand overhangs represents a considerable threat to telomere stability. Three types of HR 

have been observed at telomeres: i) T-loop homologous recombination, ii) Telomeric 

Sister Chromatid Exchange (T-SCEs) and iii) Recombination with interstitial sites (Figure 

1.7) (Palm W. and de Lange T. 2008). 

 

 
 
Figure 1.7. Homologous recombination repair at dysfunctional telomeres. a) Excision of the telomeric loop through t-loop HR. b) 
recombination between sister telomeres. c) recombination between a telomere and chromosome internal telomere-related sequences 
(taken from Palm W. and de Lange T. 2008). 
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1.3.2.1 T-loop homologous recombination 

The T-loop structure of mammalian telomeres results from the telomeric single stranded 3’ 

overhang invasion into telomeric double-stranded DNA that generates the so-called D-

loop. This strongly resembles an early step of homologous recombination (HR). TRF2 is 

the main component required for T-loop formation (Doksani Y. et al. 2013). In fact, TRF2 

is able to induce topological changes in telomeres (Amiard S. et al. 2007; Poulet A. et al. 

2009), but it can also bind Holliday junctions (HJ) with its amino-terminal domain in vitro 

stabilizing strand-invasion process (Fouche N. et al. 2006; Poulet A. et al. 2009). T-loop 

homologous recombination has been observed in cells overexpressing a TRF2 mutant 

lacking the amino-terminal domain (Wang R.C. et al. 2004). These cells show telomere 

shortening and accumulation of circular telomeric DNA (T-circles) formed by the 

resolution of Holliday Junctions generated by branch migration at the strand invasion 

point of the t-loop. This mechanism is dependent on XRCC3 resolvase and WRN DNA 

helicase that is responsible for branch migration in “t-loop HR” (Liu Y. et al. 2004; Li B. et 

al. 2008; Nora G.J. et al. 2010).  

 

1.3.2.2 Telomeric sister chromatid exchange (T-SCE) 

After replication, telomeres of duplicated sister chromatids can recombine. This type of 

recombination comprises the exchange of sister chromatid telomeric sequences, thus 

named: Telomeric Sister Chromatid Exchange (T-SCE). T-SCE can be visualized in 

metaphase chromosomes by Chromosome Orientation Fluorescent in Situ Hybridization 

(CO-FISH) (Palm W. and de Lange T. 2008).  CO-FISH is a strand-specific FISH that 

involved selective removal of newly replicated strands from DNA of metaphase 

chromosomes resulting in single-stranded target DNA. The use of two different single 

stranded telomeric probes (a G-rich probe and a C-rich probe) guarantees a strand-specific 

hybridization that discriminates between telomeres produced by leading- versus lagging-

strand synthesis (for details see Results Figure 3.2.8, Material and Methods par. 2.15) 

(Bailey S.M. et al. 2004). A merged signal of the two probes at the same chromosome end 

indicates that T-SCE occurred.  

T-SCE can cause an unequal exchange of telomeres and can result that daughter cells 

inherit shortened telomeres. This leads to a shorter replicative life span in telomerase 
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negative cells (Doksani Y. and de Lange T. 2014). For this reason, T-SCE frequency has to 

be stringently controlled. The Ku70/80 heterodimer has been demonstrated to act as 

crucial repressor of HR at telomeres (Celli G.B. et al. 2006; Wang Y. et al. 2009). In 

addition, components of the shelterin complex repress the exchanges between sister 

telomeres. The highest frequency of T-SCE has been observed in cells lacking both TRF2 

and Ku70 (15-20% of the chromosome ends) (Celli G.B et al. 2006). Single deletion of 

TRF2 or Ku70 is not sufficient to induce T-SCE, suggesting that the two proteins have a 

redundant role in suppressing recombination. Increased T-SCE frequency has also been 

observed in other settings: in Ku 70/80-deficient mouse cells that also lack Rap1 or both 

Pot1a and Pot1b (Palm W. et al. 2009; Sfeir A. et al. 2010).  How Rap1 or POT1 repress 

HR has not yet been explained. Rap1/Ku70 double-knockout cells don’t show DNA 

damage signaling at telomeres and undergo HR (Sfeir A. et al. 2010). In addition, the 

helicase WRN or RTEL1 can repress T-SCEs. In fact, mouse cells with severely shortened 

telomeres due to telomerase deficiency show high levels of T-SCEs in the absence of 

WRN. In a similar way, RTEL1 deficient mouse cells or human cells with mutated RTEL 

show high levels of T-SCEs (Laud P.R. et al. 2005; Sarek G. et al. 2015). Altogether these 

data indicate a major role of shelterin components and DNA helicases in suppressing T-

SCE. This suggests that an unprotected state of telomeres or the accumulation of 

secondary DNA structures at telomeres favour telomeric recombination. 

In addition, increased T-SCE has also been observed in mouse cells that lack telomeric 

heterochromatin components such as the Suv39h1 and Suv39h2 histon methyltransferases 

(HTMases), DNA methyl transferases (DNMTases) or retinoblastoma family proteins 

(Garcia-Cao M. et al. 2004; Gonzalo S. et al. 2005; Gonzalo S. et al. 2006). This 

demonstrate a role of the repressive chromatin status in preventing recombination at 

telomeres. 

 

1.3.2.3 Homologous recombination with interstitial sites 

The third HDR pathway involves recombination between chromosome internal stretches 

of TTAGGG repeats with chromosome terminal TTAGGG repeats. This can lead to 

terminal deletions of all sequence located distal to the interstitial TTAGGG repeats, 

producing an extrachromosomal element called Double-Minute chromosomes (TDMs). 
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Such elements includes telomeric sequences and the intrachromosomal telomeric repeats 

and their size is variable depending on the location of the interstitial sequences (Zhu X.D. 

et al. 2003; Laud P.R. et al. 2005). In human and mouse cells, this mechanism is not 

frequent due to the low content of chromosome internal telomeric DNA repeats (Palm W. 

and De lange T. 2008). However, TDMs have been observed in immortalized mouse 

embryo fibroblast lacking of the subunit ERCC1, an endonuclease (ERCC1/XRF) recruited 

to telomere by TRF2 (Zhu X.D. et al. 2003). In addition WRN counteracts TDM formation 

in presence of short telomere (Laud P.R. et al. 2005). Finally, reduction of POT1a and 

POT1b in immortalized mouse cells correlates with increased frequency of TDMs (He H. 

et al. 2006; Wu L. et al. 2006).  

 

 

1.4 Telomere maintenance mechanisms 

As previously reported, eukaryotic genome packaging into discrete linear chromosomes 

poses the important “end replication problem”. It means that in the absence of any 

counterbalancing lengthening mechanism, progressive telomere shortening during cell 

proliferation eventually results in telomere dysfunction and a DNA damage response 

(DDR) at chromosome ends. This phase, in which tumor suppressor genes like p53 and 

pRb arrest cellular proliferation, is called replicative senescence or mortality stage 1 (M1) 

(Figure 1.8) (Chatziantonou V.O. 2001). In the case of a loss of p53 or Rb tumor 

suppressor pathways, cell division is still permitted causing further telomere shortening 

resulting in an excess of genomic instability and a massive cell death. This phenomenon is 

called crisis or mortality stage 2 (M2) (Figure 1.8) (Shay J.W. and Wright W.E. 2005). 

The bypass of senescence or crisis and acquisition of unlimited replicative potential is a 

hallmark of tumorigenesis. This step requires the re-activation of Telomere Maintenance 

Mechanisms (TMMs) that are blocked in primary cells. Telomeres are important in both 

senescence (M1) and crisis (M2) as hTERT induction either before M1 or after M1 results 

in cell immortalization (Shay J.W. and Wright W.E. 2005).  

In line with this, 90% of all human cancers achieve an indefinite proliferative potential 

through the upregulation of telomerase activity that is therefore a prime target for 

anticancer therapies (Shay J.W. and Bacchetti S. 1997). Of the remaining 10% of tumors, 
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most counteract telomere attrition using a non-telomerase mechanism referred to as 

Alternative Lengthening of Telomeres (ALT) (Bryan T.M. et al. 1997).  

 

 
Figure 1.8. Cell fate in response to telomere shortening. Somatic cells can divide for a limited number of cell divisions. When cells 
reach Hayflick limit, they enter into cell cycle arrest (senescence), called M1 phase. The cells can bypass M1 phase by the abrogation 
of Rb and p53. Thus, telomeres get shorter finally leading to cell death, called M2 phase. Telomerase re-activation or induction of ALT 
mechanism in M2 phase lead to telomere maintenance with consequent cell immortalization (modified from Shay J.W. and Wright 
W.E. 2005).  

 

1.4.1 Mechanisms of reactivation of telomerase activity 

Initial studies of TERT expression and telomerase activity demonstrated a strong 

suppression of hTERT in somatic tissue. Conversely, high telomerase activity in germ cells 

and cancer cells associated with high expression of TERT consistently with the high 

proliferative potential of these cells (Kim N.W. et al. 1994).  

The activation of telomerase as a mechanism to ensure unlimited cell proliferation is a 

hallmark for almost all human cancer (Shay J.W. et al. 1997). Several mechanisms have 

been reported to activate telomerase in cancer. Different oncogenes such as Myc and Wnt 

transcriptionally activate telomerase (Wu K.J. et. al. 1999; Hoffmeyer K. et al. 2012; 

Greider C.W. 2012). Alternatively, hTERT expression can be activated by epigenetic 

alterations or mechanisms involving alternative splicing (Kyo S. and Inoue M. 2002). 

Moreover, mutations increasing transcriptional activity of TERT promoter have been 

described in melanomas (Huang F.W. et al. 2013; Horn S. et al. 2013).! 
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Even though telomerase activation can occur early in tumor development, telomerase 

activity is not necessary for cancer initiation but more importantly it can stimulate tumor 

progression by allowing telomere maintenance above a critically short length (Hackett J.A. 

and Greider C.W. 2002). In line with this, lack of telomerase activity at the early stage of 

tumor formation results in increased telomeric instability and it could favour 

carcinogenesis. Subsequently, activation of telomerase may be fundamental to allow 

cancer growth and progression (Begus-Nahrmann Y. et al. 2012; Ding Z. et al. 2012). 

Given the crucial role of telomerase in sustaining cancer growth, telomerase inhibitors 

were considered a powerful potential cancer therapy. However, antitelomerase therapy 

can activate alternative lengthening of telomeres (ALT) to maintain telomere length (Hu J. 

et al. 2012). 

 

1.4.2 Alternative lengthening of telomeres 

1.4.2.1 Mechanism of ALT 

Differently from RNA-template dependent DNA synthesis by telomerase, ALT requires 

DNA templates (Dunham M.A. et al. 2000). This proposed model is supported by the 

observation that a DNA tag inserted into one telomere was copied to other non-

homologous telomeres and was also duplicated in its original location in human cells that 

use ALT mechanism to maintain telomere length (defined as ALT cells) (Dunham M.A. et 

al. 2000; Muntoni A. et al. 2009; Neumann A.A. et al. 2013). This suggested that ALT 

depends on homologous recombination (HR) pathway. A putative four steps model is 

described in Figure 1.9 (left panel) (Pickett H.A. and Reddel R.R. 2015). The single-

stranded G-overhang at the telomere terminus can invade homologous DNA forming an 

HR intermediate structure (step 1). Strand invasion step is followed by the template-

directed synthesis of telomeric DNA that could be operated by polymerase δ or ζ, given 

their role in HR (step2) (Sharma S. et al. 2012; Maloisel L. et al. 2008). The third step 

consists in the processing of HR intermediate products that must occur before 

chromosome segregation. A fourth step of filling in of the complementary strand has been 

hypothesized, but is still unknown whether it occurs. The DNA template for new 

telomeric DNA synthesis by ALT may be a sister chromatid (Figure 1.9a) or telomeres 

could copy themselves looping out or looping back on themselves (Figure 1.9b-c). Recent 
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evidences also identified a long-range movement driven by a homology-directed 

searching mechanism that allows telomere clustering, providing distant copy templates for 

ALT activity (Figure 1.9d) (Cho N.W. et al. 2014). 

 

 
Figure 1.9. ALT mechanism. Putative four steps model of ALT mechanism (left panel). Different possible DNA copy templates in ALT 
(right panel)(taken from Pickett H.A. and Reddel R.R. 2015). 

 

1.4.2.2 Phenotypic characteristics of ALT cells  

In addition to canonical telomeric features, ALT cells show peculiar characteristics (Cesare 

A.J. and Reddel R.R. 2010). If there are activity assay for telomerase (TRAP assay), a rapid 

and efficient ALT activity assay is unavailable and the presence of ALT mechanism in cells 

or tumors is inferred from phenotypic features considered as markers of ALT cells. First of 

all, human ALT cells have abundant extrachromosomal telomeric DNA that includes 

circular forms such as double stranded telomeric circles (t-circles) and partially single-

stranded circles (C-circles or G-circles), but also linear double-stranded DNA and very 

high molecular weight structure (t-complex DNA) (Nabetani A. and Ishikawa F. 2009; 

Henson J.D. et al. 2009). In ALT cells, telomeric DNA and associated binding proteins are 

found in a subset of promyelocytic leukaemia nuclear bodies (PML bodies) that are 

defined as ALT-associated PML bodies (APBs) (Yeager T.R. et al. 1999). Additional HR 

proteins including RAD51, RAD52, RPA, NBS1, SLX4, BLM, MRN, BRCA1, BRIT1 are 

enriched in APBs and are required for telomere maintenance in ALT cells. Thus it is 

attractive to speculate that ALT activity may occur in these nuclear bodies (Cesare A.J. and 

Reddel R.R. 2010). Other features of ALT cells include highly heterogeneous telomere 

lengths ranging from very short to extremely long (Bryan T.M. et al. 1995), rapid changes 
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in telomere length (Murnane J.P. et al. 1994; Perrem K. et al. 2001) and an increased level 

of recombination at telomeres (Londono-Vallejo J.A. et al. 2004).  

 

1.4.2.3 Altered telomeric nucleoprotein structure in ALT cells 

Distal end of human telomeres are usually composed by canonical TTAGGG repeats, 

while the proximal regions contain many variants of telomeric repeats (Baird D.M. et al. 

1995; Baird D.M. et al. 2000). ALT telomeres have been found to contain an increased 

frequency of variant telomeric repeats. This could be explained as the result of ALT 

activity that, by stochastically amplifing canonical and variant repeats, has produced the 

spread of variant repeats throughout the telomeres (Conomos D. et al. 2012; Lee M. et al. 

2014). These altered telomere sequences in ALT cells have two main consequences: loss 

of shelterin binding sites and the creation of new protein-binding sites. Decreased 

shelterin binding at telomere of ALT cells explains the elevated frequency of DNA damage 

response (DDR) and increased recombination frequency in these cells (Cesare A.J. et al. 

2009). On the other hand, the TCAGGG variant creates a high-affinity binding site for the 

nuclear receptors COUP-TF2 and TR4 which recruit NuRD-ZNF827 nucleosome-

remodeling and histone deacetylation complex, thus inducing a series of ALT-promoting 

effects (Conomos D. et al. 2014). This complex, in fact, facilitates telomere-telomere 

thethering and also the recruitment of HR proteins such as BRIT1 and BRCA1. 

 

 
 
Figure 1.10. ALT telomeres nucleoprotein structure. ALT telomeres contain an increased frequency of variant repeats such as 
TCAGGG that provide the binding sites for nuclear receptors as NR2F2 and the nucleosome remodeling and histone deacetylation 
complex NuRD-ZNF827. In addition, ALT telomeres and subtelomeres display reduced heterochromatic marks H3K9me3 and 
H4K20me3 and elevated levels of histone acetylation. The more open chromatin configuration of ALT telomeres may promote 
homologous recombination directed telomere elongation. These features of ALT telomeres may lead to displacement of shelterin 
component TRF2 and perhaps its binding partner, RAP1 (modified from O’Sullivan R.J. and Almouzni G. 2014). 
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1.4.2.4 ALT positive tumors 

Due to the lack of a practical ALT assay to screen a large number of tumors, the 

distribution of ALT is not known for many common cancer types. However, ALT tends to 

be most prevalent in tumors of mesenchymal origin. ALT is active in 50% of 

osteosarcomas, 30% of soft tissue tumors, 25% of glioblastoma multiforme (GBM) and 

10% of neuroblastomas (Henson J.D. and Reddel R.R. 2010).  Increasing evidence 

demonstrates a strong correlation between ALT activity in various cancer types and loss of 

ATP-dependent helicase ATRX or its binding partner, the H3.3 histone chaperone DAXX 

(Heaphy C.M. et al. 2011; Lovejoy C.A. et al. 2012; Lee J.C. et al. 2015). ATRX-DAXX 

complex has been demonstrated to bind telomeric repeats and G-quadruplex structures 

(Law M.J. et al. 2010) facilitating replication throughout aberrant secondary structure 

(Clynes D. et al. 2015). The complex is also involved in deposition of H3.3 at telomeres in 

mouse embryonic stem cells (Wong L.H. et al. 2010) and in telomere cohesion (Ritchie K. 

et al. 2008). Ectopic expression of ATRX in ALT cells suppresses ALT activity (Napier C.E. 

et al. 2015; Clynes D. et al. 2015). However to date it is not clear how DAXX/ATRX 

mediate ALT repression (Pickett H.A. and Reddel R.R. 2015). 

For all these reasons ATRX mutation or absence of ATRX protein may serve as a useful 

biomarker for ALT in tumors. In parallel, abnormal ATRX expression has been found also 

in 86% of ALT cell lines (Lovejoy C.A. et al. 2012). 

 

1.5 The epigenetic regulation of mammalian telomeres 

1.5.1 Telomeric heterochromatin in telomere homeostasis 

1.5.1.1 Telomeric chromatin structure  

Telomeric chromatin shares several characteristics with pericentromeric heterochromatin, 

such as the ability to silence nearby genes. This phenomenon known as “telomere 

position effect” or TPE was first described in D. melanogaster but it is conserved also in 

yeast and in mammals (Levis R. et al. 1985; Gottschling D.E. 1990). Remarkably, 

treatment with the histone deacetylase inhibitor Trichostatin A (TSA) releases gene 

silencing, providing the first evidence that the chromatin status modulates the repressive 



Introduction 

! ! !24 

environment at mammalian telomeres (Baur J.A. et al. 2001; Koering C.E. et al. 2002). 

Differently to yeast, that only show nucleosomes in subtelomeric regions, vertebrate 

telomeres and subtelomeres have a classic nucleosomal organization with a slightly 

altered spacing (Makarov V. L. et al. 1993; Tommerup H. et al. 1994). Vertebrate 

telomeric chromatin is under-acetylated and shows characteristic features of other 

repetitive heterochromatic elements (Figure 1.11) (Benetti R. et al. 2007; Michishita E. et 

al. 2008). These include enrichment for H3K9me3 histone mark mediated by “suppressor 

of variegation” Suv39h1 and Suv39h2 Histone Methyl Transferases (HMTases) (Garcia-

Cao M. et al. 2004; Peters A.H.F.M et al. 2001; Peters A.H.F.M. et al. 2003). Importantly, 

H3K9me3 allows the recruitment of HP1 to telomeres that in turn interacts with Suv4-

20h1 and Suv4-20h2 HMTases for the establishment of telomeric H4K20me3 (Lachner M. 

et al. 2001; Schotta G. et al. 2004). Moreover, retinoblastoma family proteins (Rb1, Rbl1, 

Rbl2) have been found to interact with Suv4-20h HMTases to direct H4K20me3 to 

telomeric repeats (Garcia-Cao M. et al. 2002; Gonzalo S. and Blasco M.A. 2005). An 

additional histone methyl transferase Dot1L has been demonstrated to define telomeric 

heterochromatin mediating H3K79me2 thus enhancing the establishment of H4K20me3 

(Jones B. et al. 2008). Together this suggests that Suv39h HTMases and Dot1L mediate a 

first preparation of chromatin substrate for a further chromatin compaction mediated by 

HP1 and Suv4-20h HMTases (Schoeftner S. and Blasco M.A. 2010). How telomeric 

chromatin under-acetylation is maintained remains to be well defined. It has only been 

reported that the histone deacetylase SIRT6 deacetylates H3K9 at telomeric chromatin 

(Michishita E. et al. 2008).  

Telomeric histone code extends to repetitive and gene-poor subtelomeric regions (Benetti 

R. et al. 2008; Schoeftner S. and Blasco M.A. 2010). Differently from telomeric repeats 

that lack CpG sequences, mouse and human subtelomeric sequences are heavily 

methylated by the DNA methyltransferases DNMT1, DNMT3a, DNMT3b (Figure 1.11) 

(Gonzalo S. et al. 2006). Although telomeres and subtelomeres carry repressive chromatin 

marks, transcriptional activity has been detected at vertebrate telomeres. In particular, 

DNA methylation sensitive subtelomeric promoters drive the expression of Telomeric 

repeat-containing RNA (TERRA) by RNA polymerase II towards chromosome ends (Figure 

1.11) (Azzalin C.M. et al. 2007; Schoeftner S. and Blasco M.A. 2008). Recent works have 

introduced additional players in telomeric chromatin formation. The histone 3/lysine 4 

(H3/K4) HMT and transcriptional regulator MLL  (Mixed-Lineage Leukemia) has been 
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demonstrated to associate with telomeres, to contribute to their H3/K4 methylation and 

regulate telomeric transcription at uncapped telomeres (Caslini C. et al. 2009). In addition, 

very recent evidences have shown that H3.3 histone variant is loaded by ATRX at 

telomeres and is targeted for K9 trimethylation promoting heterochromatin formation and 

telomeric transcriptional silencing (Wong L.H. et al. 2010; Udugama M. et al. 2015). 

 

 

 

Figure 1.11. Assembly of mammalian telomeric and subtelomeric heterochromatin. Both telomeric and subtelomeric chromatin 
regions are enriched in trimetylated H3K9 and H4K20 and HP1 proteins. Subtelomeric chromatin is subjected to DNA methylation by 
DNMT1, DNMT3a, DNMT3b enzymes. Subtelomeric promoters drive the expression of Telomeric repeat-containing RNA (TERRA) 
(modified from Blasco M.A. 2007). 

 

Loss of function mouse models have revealed that abrogation of master epigenetic 

regulators, such as histone methyltransferases, DNA methyltransferases and 

retinoblastoma family proteins correlates with loss of telomere length control (Blasco M.A. 

2007). In particular, mouse cells that lack the Suv39h1 and Suv39h2 HTMases show 

decreased levels of H3K9 trimethylation and HP1 at telomeres in correlation with aberrant 

telomere elongation (Garcia-Cao M. et al. 2004). Similar effects have been observed in 

cells lacking all three members of the retinoblastoma family that show decreased levels of 

H4K20 thrimethylation at telomeres (Gonzalo S. et al. 2005; Garcia-Cao M. et al. 2004). 

Similarly, a decrease in DNA methylation, both globally and specifically at subtelomeric 

sequences, correlates with telomere elongation (Gonzalo S. et al. 2006). Consistent with 

abnormal telomere elongation, cells lacking DNMTs, Suv39h HMTs or retinoblastoma 

proteins show a global decrease of DNA methylation and increased homologous 

recombination at telomeres (Gonzalo S. et al. 2006; Gonzalo S. et al. 2005). In line with 

this, H3.3 deficient mouse embryonic stem cells display reduced levels of H3K9me3, 

H4K20me3 ant ATRX at telomeres. This correlates with increased telomeric transcription 

and with increased recombination and DNA damage at telomeres after induction of 

nucleosome disruption or replication stress (Udugama M. et al. 2015). 

TERRA 5’ 

3’ 
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Altogether these data suggest that a compromised heterochromatic state at telomeres 

releases homologous recombination at chromosome ends resulting in abnormal telomere 

elongation.  

 

1.5.1.2 Telomere shortening affects chromatin status 

Progressive telomere shortening in telomerase-deficient mice induces epigenetic changes 

of subtelomeric and telomeric chromatin. Remarkably, short telomeres show a more 

“open” chromatin status defined by decreased levels of H3K9me3 and H4K20me3, 

decreased binding of HP1 and increased acetylation of histone H3 and H4 (Figure 1.12) 

(Benetti R. et al. 2007). This lower chromatin compaction allows an increased 

accessibility of telomeres to telomere-elongating mechanisms  (telomerase or homologous 

recombination) (Blasco M.A. 2007). This could explain why ALT is activated by telomere 

shortening in a telomerase-negative context (Chang S. et al. 2003; Niida H. et al. 2000). In 

addition, telomerase has been shown to act only on the shortest telomeres in mammals, 

suggesting that telomeric chromatin structure may regulate the accessibility of telomerase 

to chromosome ends (Samper E. et al. 2001; Hemann M.T. et al. 2001). Altogether this 

suggests that the number of telomeric repeats controls the epigenetic status of 

heterochromatin (Blasco M.A. 2007; Benetti R. et al. 2007). 

 

 

 

Figure 1.12. Epigenetic modifications in the control of telomere length. Normal-length telomeres have a compacted and “closed” 
chromatin conformation. As telomeres shorten during cell divisions, they show decreased heterochromatic marks concomitant with 
increased histone acetylation. This more “open” state favours telomere elongation mechanisms (telomerase or recombination) to 
increase telomere length. Once telomeres are sufficiently elongated they were assembled into heterochromatin (taken from Blasco M.A. 
2007). 
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1.5.1.3 Epigenetic regulation of telomeres and human cancer  

Global DNA hypomethylation and in particular hypomethylation of repetitive elements in 

the genome (subtelomeric and pericentric regions) are common feature of human cancer 

(Fraga M.F. et al. 2005). Importantly, global DNA hypomethylation and loss of H4K20me3 

can be the consequence of abrogation of the Retinoblastoma family proteins, a frequent 

event in cancer (Gonzalo S. et al. 2005).  

The activation of telomere maintenance mechanisms is crucial for the unlimited 

proliferative potential characteristic of cancer cells. Chromatin structure at telomeres is 

important to control telomere length homeostasis. In fact, abrogation of master epigenetic 

regulators, such as histone methyltransferases and DNA methyltransferases correlates with 

loss of telomere length control and aberrant recombination-dependent telomere 

elongation (Garcia-Cao M. et al. 2004; Gonzalo S. et al. 2005; Gonzalo S. et al. 2006; 

Blasco M.A. 2007). Interestingly, a negative correlation between subtelomeric DNA 

repeats hypometylation and telomere recombination (T-SCE) have been demonstrated in a 

large panel of human cancer cells (Vera E. et al. 2008). In line with this, a significant 

positive correlation has been found between recombination frequency at telomeres and 

mean telomere length in the same analysis. This suggests that subtelomeric 

hypomethylation-induced telomere elongation is mediated by ALT mechanisms. In 

addition, treatment with DNA demethylating agent 5-aza-deoxycitidine significantly 

increases T-SCE frequency in human cancer cell lines, thus indicating that epigenetic 

drugs can impact on telomere length homeostasis in human cancer cells (Vera E. et al. 

2008). Together these findings suggest that telomere length in human cancer cells is 

influenced by the epigenetic status of chromatin. 

 

1.5.2 Telomeric repeat-containing RNA: TERRA 

1.5.2.1 TERRA biogenesis  

Due to their repressive chromatin status and low gene density, chromosome ends were 

considered to be transcriptionally silent for a very long time. This long-standing dogma 

was overturned by the discovery that telomeric repeats are transcribed into a long non-

coding RNA, called TERRA (telomeric repeat-containing RNA)(Azzalin C.M et al. 2007; 
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Schoeftner S. and Blasco M.A. 2008).  The C-rich telomeric strand acts as template for 

TERRA transcription that starts at promoters located in subtelomeres (Figure 1.13) 

(Nergadze S.G. et al. 2009). Therefore, individual TERRA molecules consist of 

subtelomeric-derived sequences followed by a variable number of G-rich telomeric 

repeats (5’-UUAGGG-3’ in vertebrates) (Azzalin C.M et al. 2007; Schoeftner S. and Blasco 

M.A. 2008). TERRA molecules are transcribed by RNA polymerase II (RNAPII), as first 

shown in mammalian cells using RNAPII inhibitors (Figure 1.13) (Schoeftner S. and Blasco 

M.A. 2008). Human TERRA promoters have been identified in approximately 50% human 

subtelomeres and comprise CpG dinucleotide-rich tandem repeats of 39 and 37 base pair 

that locate at variable distance from telomeric repeats, immediately up-stream of TERRA 

transcription start-sites (Nergadze S.G. et al. 2009). Recently, a second class of TERRA 

promoters has been identified. They are located 5-10 kb away from telomeric repeats of 

10 distinct human telomeres (Porro A. et al. 2014). The existence of different types of 

promoters supports the observation that TERRA transcripts are very heterogeneous for 

length (from 100bp to 9kb). Human TERRA 5’ ends display 7-methyl-guanosine cap 

structures and around 10% of TERRA molecules are polyadenylated at the 3’end (Azzalin 

C.M et al. 2007; Porro A. et al. 2010). Polyadenylation is a crucial determinant for TERRA 

localization: polyA- TERRA preferencially associates with telomeric chromatin, while 

polyA+ TERRA molecules localize to the nucleoplasm (Figure 1.13) (Porro A. et al. 2010). 

Interestingly, TERRA transcribed from a single telomere can associate with several 

chromosome ends in mouse. This means that TERRA can act not only in cis but also in 

trans in mouse (de Silanes I.L. et al. 2014). Association of TERRA with telomeres is 

negatively regulated by members of the nonsense-mediated RNA decay (NMD) such as 

the RNA/DNA helicase and ATPase UPF1 and the RNA endonuclease SMG6 (Figure 1.13) 

(Azzalin C.M. et al. 2007).  

Many aspects of TERRA biogenesis and functions still remain to be investigated. TERRA 

has already been connected with various pathways of telomere regulation: telomeric 

chromatin formation, telomere replication, the DNA damage response at telomeres and 

telomere length regulation. 
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Figure 1.13. Regulation and biogenesis of TERRA. Human TERRA is expressed during G1 and G2 phases of the cell cycle but is 
repressed during S-phase. CTCF and Rad21 promote human TERRA transcription whereas DNMT1 and 3b, SUV39H1, HP1 and TRF2 
repress TERRA. THO complex components associate human telomeres. THO and RNase H repress TERRA-dependent R-loops. 
hnRNPA1 (A1), TRF2, or other unknown factors may promote TERRA association with human telomeres. TERRA association with 
human telomeres is negatively regulated by the NMD components UPF1 and SMG6. In human cells, polyadenylated TERRA is not 
chromatin-associated whereas poly(A)- TERRA is bound to telomeric chromatin (taken from Azzalin C.M. and Ligner J. 2014). 

 

1.5.2.2 TERRA and telomeric heterochromatin  

TERRA transcripts associate with chromosome ends through the interaction with core 

components of telomeric structure. TERRA interacts with TRF1 and TRF2 shelterin 

components through TRF2 amino-terminal GAR domain and the carboxy-terminal myb 

domain (Deng Z. et al. 2009). In addition, TERRA interacts with telomeric 

heterochromatin components such as Suv39h1 and H3K9me3, HP1, subunits of the origin 

recognition complex (ORC) and MORF4L2, a member of the NuA2 histone 

acetyltransferase complex, thereby contributing to heterochromatin formation at 

chromosome ends (Deng Z. et al. 2009; de Silanes I.L. et al. 2010; Scheibe M. et al. 2013; 

Porro A. et al. 2014). Alterations of the heterochromatic status of telomeres directly impact 

on TERRA expression. Indeed, DNA methyl-transferase enzymes DNMT1 and DNMT3b 

repress TERRA transcription through CpG methylation (Figure 1.13) (Nergadze S.G. et al. 

2009). In addition, Suv39h1 H3K9 histone methyltransferase and the H3K9me3-binding 

protein HP1α negatively regulate TERRA expression (Figure 1.13) (Arnoult N. et al. 2012). 

On the contrary, the chromatin organizing factor CTCF and the cohesin Rad21 (radiation-

sensitive 21) act as positive regulators of TERRA transcription in a particular subset of 
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TERRA promoters which comprise a third repetitive element of 61bp tandem repeats 

bound by CTCF- Rad21 (Figure 1.13) (Deng Z. et al. 2012). Based on the finding that 

TERRA interacts with several components of telomeric heterochromatin, a role of TERRA 

in the control of chromatin status at telomeres has been suggested. In particular, TERRA 

has been demonstrated to stabilize the interaction between TRF2 GAR domain and the 

origin recognition complex (ORC1), thus promoting heterochromatin formation and 

transcriptional silencing at telomere (Sasaki T. and Gilbert D.M. 2007; Deng Z. et al. 

2009). In line with this, a negative feedback loop has been proposed for TERRA 

transcription regulation in which longer TERRA molecules repress their own transcription 

upon telomere elongation by increasing trimethylation of H3K9 through recruitment of 

more histone methyltransferases and/or histone deacetylases (Arnoult N. et al. 2012).   

 

1.5.2.3 TERRA and telomere replication 

TERRA levels are regulated during cell cycle. In human cells, TERRA levels are higher in 

G1, decreases in S-phase and start increasing again in G2 (Porro A. et al. 2010). During 

the cell cycle, single-stranded telomeric DNA is bound by POT1/TPP1, but in S-phase ss-

DNA may be bound by RPA to allow semiconservative DNA replication. After telomere 

replication, RPA needs to be removed from telomeric ssDNA to prevent persistent DNA 

damage activation. TERRA has been demonstrated to orchestrate the switch between RPA 

and POT1 at telomeres after replication. In particular, TERRA directly interacts in vitro 

with hnRNPA1 that can displace RPA from telomeric ssDNA (de Silanes L.I et al. 2014; 

Flynn R.L. et al 2011). An additional role of TERRA in assisting DNA replication is 

mediated by its interaction with the origin replication complex (ORC) that has a major 

role in pre-replication complex assembly in addition to heterochromatin formation (Deng 

Z. et al. 2009). 

 

1.5.2.4 TERRA and DNA damage response  

Emerging evidences suggested a correlation between TERRA expression levels and 

activation of DNA damage response (DDR) at telomeres. Partial depletion of TERRA 

expressed from chromosome 18 in mouse cells leads to telomere dysfunction-induced foci 
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(TIFs), suggesting a protective role of TERRA at telomeres (de Silanes L.I et al. 2014). In 

addition, TRF2 depletion that activates ATM and cause telomere fusions by NHEJ results 

in TERRA up-regulation at all transcribed telomeres (Denchi E.L. and de Lange T. 2007; 

Porro A. et al. 2014). Importantly, TERRA up-regulation seems to be an early event upon 

TRF2-depletion, occurring in parallel or even upstream of ATM activation (Porro A. et al. 

2014). Interestingly, Porro and colleagues demonstrated that critical telomere shortening 

or telomere uncapping induced by loss of TRF2 causes TERRA up-regulation and TERRA 

dependent recruitment of the lysine-specific demethylase 1 (LSD1) to telomeres. LSD1, in 

turn, interacts with MRE11, a subunit of the MRE11/RAD50/NBS1 (MRN) complex 

required for the processing of 3' telomeric G-overhangs to promote chromosome fusions 

by NHEJ (Deng Y. et al. 2009; Porro A. et al. 2014). In addition to this role in 

chromosome ends processing at uncapped telomeres, TERRA transcripts have been 

demonstrated to induce chromatin structure changes in TRF2-depleted mouse cells (Porro 

A. et al. 2014).  In these cells up-regulated TERRA associates with SUV39H1 H3K9 

histone methyltransferase, which promotes accumulation of H3K9me3 at damaged 

telomeres and end-to-end fusions (Porro A. et al. 2014). Interestingly, accumulation of 

H3K9me3 may also serve for the recruitment of Tip60/KAT5 acetyltransferase, required for 

ATM activation (Porro A. et al. 2014). Together these data indicate that TERRA up-

regulation induced by dysfunctional telomeres is important to mediate DNA repair and 

DNA damage activation at uncapped telomeres. 

 

1.5.2.5 TERRA and telomere length regulation 

1.5.2.5.1 Telomerase-dependent telomere elongation 

TERRA is transcribed from telomeric C-rich strand, consequently its sequence is 

complementary to the RNA subunit of telomerase (hTR). This led to the hypothesis that 

TERRA may act as negative regulator of telomerase interacting with TERC. Experiments in 

vitro demonstrated that human TERRA is a potent in vitro inhibitor of telomerase by 

directly basepairing to telomerase RNA template, but also interacting with the catalytic 

subunit hTERT (Schoeftner S. and Blasco M.A 2008; Redon S. et al. 2010). However, 

TERRA binding proteins may prevent TERRA-telomerase interaction in vivo (de Silanes I.L. 
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et al. 2010; Redon S. et al. 2013). In line with this, in vitro experiments demonstrated that 

when hnRNPA1 binds TERRA, TERRA-mediated telomerase inhibition is alleviated (Redon 

S. et al. 2013). However, any evidence of the impact of TERRA on telomerase activity in 

vivo has been demonstrated to date. In addition, diverse evidences are in conflict with this 

hypothesis. Overexpression of TERRA due to the lack of DNA methyltransferases DNMT1 

and DNMT3b in human cells does not impact on telomere elongation by telomerase 

(Farnung B.O. et al 2012). In line with this, expression of telomerase in fibroblast of ICF 

syndrome patients that show high levels of TERRA correlates with telomere elongation 

(Yehezkel S. et al. 2013).  

As reported in par 1.5.1.1, a compromised heterochromatic state at telomeres can releases 

homologous recombination at chromosome ends resulting in abnormal telomere 

elongation. Given the role of TERRA in the control of heterochromatin at telomeres, 

should not be surprisingly that in the last few years elevated TERRA levels have been 

linked with homologous recombination-dependent telomere elongation. 

 

1.5.2.5.2 Telomerase-independent telomere elongation (ALT) 

Very recent evidences suggest that TERRA is intimately connected with telomere 

maintenance by ALT. For its high GC content and for the presence of transcriptional 

activity, telomeric DNA repeats are proposed to be prone to form secondary structures (G-

quartets) and RNA-DNA hybrids. In fact, endogenous TERRA transcripts can base-pair 

with their template DNA strand and form RNA:DNA hybrid structures, known as R-loops 

(Figure 1.13, 1.14) (Balk B. et al. 2013; Pfeiffer V. et al. 2013; Arora R. et al. 2014; Yu T. 

Y. et al. 2014). In these structures, nascent RNA transcript anneals with DNA template 

strand, displacing the non-template strand that remains unpaired (Aguilera A. and Garcia-

Muse T. 2012). R-loops structures are prone to mutations, recombination, replication forks 

stalling and chromosome rearrangements (Aguilera A. and Garcia-Muse T. 2012; Bermejo 

R. et al. 2012). Therefore, cells tightly regulate R-loops formation through the activities of 

different enzymes such as: RNase H1 and H2, which degrade the RNA part of the DNA-

RNA hybrid (Aguilera A. and Garcia-Muse T. 2012), helicases, which unwind DNA-RNA 

hybrid structures (Paeschke K. et al. 2013) and factors involved in RNA biogenesis such as 

the THO/TREX protein complex (Figure 1.13, 1.14) (Huertas P. and Aguilera A. 2003). 
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Interestingly, accumulation of telomeric R-loop structures fosters homologous 

recombination-mediated telomere elongation as firstly demonstrated in yeast (Balk B. et 

al. 2013). In a recent work, Arora and colleagues reported the presence of telomeric R-

loops in ALT positive human cancer cells (Arora R. et al. 2014). They demonstrated that 

RNase H1 localizes at telomeres in ALT cells but not in telomerase-positive cells and that 

RNase H1 overexpression decreases telomeric recombination rate and induces telomere 

shortening in ALT cells. TERRA expression is induced in ALT cells and TERRA molecules 

have been found into the ALT-associated PML bodies (APBs) (Arora R. et al. 2014). These 

recent results suggest a crucial role of TERRA in the maintenance of ALT telomeres. 

Interestingly, impairment of ATRX, the helicase frequently mutated in ALT tumors, induces 

accumulation of TERRA at telomeres in G2-M (Flynn R.L. et al. 2015). ATRX is reported to 

resolve G4 secondary structures thanks to its helicase activity (Udugama M. et al. 2015; 

Clynes D. et al. 2015). Whether ATRX has a role in resolving telomeric R-loops in ALT 

cells remain to be investigated. One hypothesis is that ATRX unwinding G4 secondary 

structures on the displaced strand of telomeric R-loop might favour TERRA displacement 

and re-annealing of telomeric DNA (Rippe K. and Luke B. 2015).  

Together this suggests that ALT telomeres represent specific genomic loci that take 

advantage of R-loops to promote recombination and sustain telomere maintenance by 

ALT. In this scenario, regulation of TERRA association with telomere acquires a strong 

relevance in the context of ALT tumors. 

 

 

Figure 1.14 Formation and removal of telomeric R-loops. TERRA transcripts can base-pair with their template DNA strand and form 
RNA:DNA hybrid structures in cis. R-loop structure may be stabilized by a G-quadruplex forming at the displaced G-rich DNA strand. 
Both RNA-DNA hybrids and G-quadruplexes induce replication stress, thereby promoting HDR. The RNA-DNA hybrids can be 
resolved by RNase H–mediated degradation of TERRA or by factors which favor TERRA displacement such as protein components 
involved in nonsense-mediated RNA decay (NMD). ATRX helicase could drive displacement of TERRA from the R loop by resolving G- 
quadruplexes and/or act as an RNA-DNA helicase (modified from Rippe K. and Luke B. 2015). 
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1.5.2.6 TERRA related diseases 

From the reported findings, it is getting clear that TERRA participates in the control of 

various aspects of telomere homeostasis. For this reason, transcriptional regulation of 

TERRA and its association with telomeres needs to be tightly controlled.  TERRA 

disregulation has been recently linked to disease. ICF syndrome (immunodeficiency, 

centromeric instability, facial anomalies) is a rare autosomal recessive immune disorder 

caused by mutations in the DNA methyltransferase 3b (DNMT3b) gene. In ICF individuals, 

several repetitive sequences are hypomethylated, satellite 2 regions are decondensed and 

this correlate with chromosomal instability (Yehezkel S. et al. 2008). As expected, ICF 

primary fibroblasts also show hypo-methylated TERRA subtelomeric promoters and 

consequent increase of TERRA levels. In addition, ICF cells display abnormally short 

and/or unprotected telomeres and increased telomere repeats loss (signal-free ends) 

(Yehezkel S. et al. 2008). This suggests a functional link between increased TERRA levels 

and telomeric repeats loss in ICF patients. The hypothesis to test is that increased TERRA 

transcription might promote replicative stress and excess of telomeric R-loops in these 

patients.   

 

1.6 Telomeres and genomic instability  

1.6.1 Replication stress and genomic instability  

DNA replication represents a central cellular process that duplicates and propagates the 

genome with its intrinsic epigenetic information. During S-phase, replisomes can 

encounter physiologically or environmentally created barriers that may interfere with 

DNA replication and hamper its progression. This phenomenon is called replication stress 

and is characterized by the slowdown of DNA synthesis and/or the stalling of replication 

fork. Replication stress leading to DNA mutations, breakages and consequent 

chromosomal fragility and rearrangements represent the primary cause of genomic 

instability (Gailard H. et al. 2015). Replication fork progression may encounter different 

types of obstacles: DNA damage, protein barriers, heterochromatin, secondary DNA 

structures or transcribed genes (Figure 1.15). In fact at transcribed loci, in addition to the 
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torsional stress generated in the DNA by concomitant replication and transcription, 

another cause of replicative stress is the co-transcriptional formation of R-loops (Helmirich 

A. et al. 2011). DNA damage that causes replication stress can be spontaneous or induced 

by DNA damage agents (UV, cisplatin, camptothecin) or by inhibitors of DNA 

polymerases activity (hydroxyurea (HU), aphidicolin) (Recolin B. et al. 2014). The 

presence of each of these barriers results in a replication pause that could be transient or 

could induce replication fork collapse with consequent exposition of ssDNA stretches or 

DSBs that triggers the S phase checkpoint (Bartek J. et al. 2004). ATR is activated by 

ssDNA stretches bound by replication protein A (RPA) while ATM responds to DSBs (For 

more details see par. 1.2.1). In particular activated ATR phosphorylates CHK1 in order to 

induce cell cycle arrest and to promote replication fork stabilization and restart. In 

addition, ATR also activates dormant origins of replication in the vicinity of stalled forks in 

order to complete replication of the impared regions while inhibiting late firing origins to 

guarantee avaibility of limiting replication factors such as RPA (Toledo L.I. et al. 2013). In 

support of the importance of RPA in the induction of S phase checkpoint activation, 

mutations in Rpa1 result in defective repair of DSBs, chromosomal instability and cancer 

in mouse (Wang Y. et al. 2005).  

 

Figure 1.15. Impared replication fork progression. A. Several DNA secondary structures can impair fork progression: hairpins, G-
quadruplexes, R-loops, altered DNA topology, single-stranded DNA (ssDNA) or double-strand breaks (DSBs). Key factors involved in 
resolving or removing specific obstacles are shown: DNA helicases such as Werner syndrome helicase (WRN) and PIF1, 
topoisomerases that remove DNA supercoils alleviating torsional stress; RNA-DNA helicase senataxin (SETX) or ribonuclease RNase H, 
which remove the R-loops; DNA repair pathways that repair DNA lesions, gaps or breaks. B. Other factors and conditions can also 
impair replication fork progression, such as DNA-bound proteins, heterochromatin, transcribed genes, shortage of replication factors 
(such as nucleotides and replication protein A (RPA))(modified from Gailard H. et al. 2015). 

   

A 
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Replication fork restart after stalling requires specific enzymatic activities performed by 

different groups of proteins. Among these, we find the human RecQ-helicases: Werner 

syndrome helicase (WRN), Bloom syndrome helicase (BLM), which are mutated in human 

syndromes characterized by premature aging and cancer predisposition (Mohaghegh P. 

and Hickson I.D. 2001). WRN and BLM are able to revert fork-like substrates in vitro and 

are required for the rescue of replication fork block (Pichierri P. et al. 2001; Davies S.L. 

2007; Machwe A. et al. 2011). At stalled replication forks, endonucleases complexes such 

as MUS81-EME1 and SLX-SLX4 activate cleavage of the fork generating DSBs (Hanada K. 

et al. 2007; Schwartz E.K and Heyer W.D. 2011). Importantly MUS81 and SLX4 

deficiencies have been linked with cancer predisposition (Pamidi A. et al. 2007; 

Hodskinson M.R. et al. 2014). Two other groups of proteins have been reported to be 

important to stabilize and protect stalled replication forks from endonuclease degradation: 

Fanconi Anemia (FANC) proteins and the breast cancer susceptibility factors: BRCA1 and 

BRCA2 (Schlacher K. et al. 2011; Schlacher K. et al. 2012; Lossaint G. et al. 2013). 

Importantly, under persistent replication stress stalled replication forks can collapse 

producing DNA breaks that are preferentially repaired by error-free homologous 

recombination-directed repair. BRCA proteins show an important role in promoting HR 

repair at collapsed forks. In particular, BRCA1 prevents error-prone NHEJ repair removing 

53BP1 at the site of breakage and promotes DNA resection of the DSBs (Bunting S.F. et al. 

2010). Differently, BRCA2 associates with RAD51 promoting replacement of RPA with 

RAD51 on ssDNA (Thorslund T. et al. 2010). In addition, to complete HR-mediated repair 

BLM helicase is required to process HR intermediates (Wechsler T. et al. 2011). 

From these findings it appears that a strong correlation exists between mutations/loss of 

factors involved in replication stress prevention and predisposition to cancer. Interestingly, 

genomic instability induced by replication stress has been proposed to be an early event 

in tumorigenesis. An early step in tumor formation might involve alterated function of 

several genes that control replication stress and genome integrity (Gailard H. et al. 2015).  

 

!
!
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1.6.2 R-loops: modulators of genome structure and stability 

Short RNA-DNA hybrids normally form during DNA replication (Okazaki fragments) and 

transcription processes (at the active sites of RNA polymerase). They adopt an 

intermediate conformation between B form of dsDNA and the A form of dsRNA and are 

more stable than dsDNA (Roberts R.W. and Crothers D.M. 1992). In addition, longer 

tracts of RNA-DNA hybrids can be formed in the cells, when the nascent RNA molecule 

hybridizes with its antisense/DNA template, thus inducing the displacement of sense 

ssDNA. These structures formed by the RNA-DNA hybrid and the displaced ssDNA are 

known as R-loops.  RNA-DNA hybrids are prone to form in genomic regions with negative 

supercoiling, high G-content and with the presence of nicks or G-quadruplexes in the 

displaced ssDNA (Duquette M.L. et al. 2004; Roy D. and Lieber M.R. 2009; Roy D. et al. 

2010). For their strong capability to modulate genome structure, R-loops represent a great 

source of genomic instability (Santos-Pereira J.M. and Aguilera A. 2015). In fact R-loops 

can induce DNA damage by diverse mechanisms. The stretch of exposed ssDNA is more 

unstable than dsDNA and for this reason more susceptible to transcription associated 

mutagenesis (TAM), recombination (TAR) and DSBs (Muers M. 2011; Wimberly H et al. 

2013). Various DNA and RNA modification enzymes such as activation induced cytidine 

deaminase (AID) and members of APOBEC deaminases can generate abasic sites that can 

induce base substitutions or nicks in ssDNA regions that are then processed in DBSs 

during replication (Nabel C.S. et al. 2014; Skourti-Stathaki K. et al. 2014). In addition, 

very recent evidences demonstrated the involvement of nucleotide excision repair (NER) 

endonucleases in processing R-loops into DBSs (Sollier J. et al. 2014). Importantly, the 

RNA-DNA hybrids can be a great barrier to replication fork progression thus causing 

chromosomal fragility and genome rearrangements (for more details see par. 1.6.1) (Gan 

W. et al. 2011; Aguilera A. and Garcia-Muse T. 2012). For all of these reasons, cells have 

developed diverse activities to limit the accumulation of R-loop. R-loop formation is 

prevented by topoisomerase 1(TOP1) that resolves the negative supercoiling formed 

behind RNA pol II during transcription and by specific RNA-binding proteins involved in 

RNA biogenesis (THO complex and splicing factor SRSF1) or in RNA surveillance such as 

exoribonucleases exosome component 3 and 10 (EXOSC3 and EXOSC10) (Tuduri S. et al. 

2009; Gomez-Gonzalez B. et al. 2011; Santos-Pereira J. M. and Aguilera A. 2015). In 

addition, R-loops are removed either by degradation of RNA mediated by RNase H 



Introduction 

! ! !38 

enzymes or unwound by DNA-RNA helicases such as senataxin (SETX) that also have a 

role in transcription termination (Wahba L. et al. 2011; Skourti-Stathaki K. et al. 2014).  

Importantly, dysfunction in factors related to R-loop metabolism and stabilization of 

stalled replication forks induced by R-loops have been linked with various human 

neurodegenerative disorders and may be responsible of genomic instability in cancer 

(table 2). 

 

Table 2. Genes related to R-loop metabolism that can cause human disease if dysfunctional (from Santos-Pereira J. M. and Aguilera A. 
2015) 

Recent evidences in yeast revealed that R-loops are also formed in trans. It means that an 

RNA transcribed at one locus forms an RNA-DNA hybrid with a homologous DNA 

sequence at a different locus (Wahba L. et al. 2013). This implicates that the nascent RNA 

invades a double stranded DNA, a process promoted by the homologous recombination-

directed repair factors Rad51 and Rad52 (Figure 1.16). In this manner, an RNA transcript 

could form hybrids with its transcriptional locus, but also with other loci with similar 

sequences across the genome. Therefore, R-loop formation in trans strongly enhances the 

impact that these structures can have on genome structure and function (Costantino L. and 

Koshland D. 2015). 

 

 

Figure 1.16. R-loop can form in cis or in trans as a consequence of defects in RNA processing factors. Formation in trans required 
RAD51 that mediated strand invasion of dsDNA in a different locus from that of transcription. R-loops dissolution is mediated by RNase 
H enzymes or RNA-DNA helicases  (from Costantino L. and Koshland D. 2015). 
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1.6.3 Genomic regions prone to replicative stress and chromosome fragility 

Human genome DNA is structured in the canonical B-form that can be properly replicated 

by DNA polymerases (Cea V. et al. 2015). However, a particular base content in certain 

DNA sequences can render defined genomic regions susceptible to replication stress and 

consequent fragility. Key exemples are G-rich sequences that fold into G-quadruplexes, 

“Common fragile sites” (CFSs) and “Early replicating fragile sites” (ERFs). G-rich sequences 

can form a quadruplex stabilized by Hoogsteen hydrogen bonds, known as G-quadruplex 

structure (Figure 1.17, left panel) (Sen D. and Gilbert W. 1988). G-quadruplexes (G4) are 

more stable than a classic B-form DNA and are reported to block the progress of DNA 

replication and the transcription bubble (Maizels N. and Gray L.T. 2013). Various DNA 

helicases such as RecQ helicases BLM and WRN and the Fanconi Anemia protein FANCJ 

are involved in the resolution of G4 structures (Brosh R.M. Jr et al. 2001; Wu Y. et al. 

2008; Johnson J.E. et al. 2010).  

 

 

Figure 1.17. DNA sequences prone to replication stress and fragility. G-quadruplex structure (left panel) (taken from Cea V. et al. 
2015). Summary of principal characteristics of CFSs and ERFs (righ panel) (taken from Mortusewicz O. et al. 2013). 

 

Common fragile sites (CFSs) are large genomic regions that can span hundreds to 

thousands of kilobases and have a high content in AT-rich sequences. CFSs are sequences 

that initiate replication late in S phase or are slow in replication (Figure 1.17, right panel). 

CFSs have a high flexibility and under replication stress conditions are prone to fold into 

secondary structures. These structures can create a barrier to replication fork progression 

leading to fork stalling and DNA breaks in these sites. Interestingly, R-loops have been 

found at Common fragile sites (CFSs) where collisions between replication and 

transcription machineries occur. In line with this, RNase H overexpression rescues 
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genomic instability associated with these CFSs (Helmrich A. et al. 2011). 

Early replicating fragile sites (ERFSs) are regions that undergo fork collapse under 

replication stress but they have been localized in proximity of early firing origins of 

replication. Nussenzweig and colleagues observed that ERFSs are GC-rich, possess 

repetitive elements such as LINEs and SINEs and are associated with highly transcriptional 

active genes (Figure 1.17, right panel) (Barlow J.H. et al. 2013). Although ERFSs and CFSs 

show different sequence features, they both need ATR kinase activity and homologous 

recombination to prevent fork collapse and mediate fork restart and repair (Mortusewicz 

O. et al. 2013). However, CFSs are the most relevant in cancer.  Importantly, recent data 

have shown that the majority of recurrent cancer specific translocation breakpoints maps 

to CFSs (Burrow A.A. et al. 2009). In addition, CFSs are the preferential target sequence of 

oncogene-induced replication stress in pre-malignant lesions (Tsantoulis P.K. et al. 2008). 

In support of the relevance of CFSs in cancer, there is also the observation that oncogene 

amplified regions and tumor suppressor genes often overlap with CFSs (Hellman A. et al. 

2002; Blumrich A. et al. 2011; Ohta M. et al. 1996). Recent data also identified ERFSs that 

frequently coincides with breakpoints of most B cell lymphoma rearrengements  (Barlow 

J.H. et al. 2013). Together this closely links replication stress and chromosome fragility 

with cancer formation. 

 

1.6.4 Telomere fragility 

Telomeres represent a hallmark model for chromosome fragility: they are repetitive 

elements with heterochromatic structure, they are transcribed and in addition their G-rich 

sequence can form secondary structures (G-quadruplex) (Blasco M.A. and Martinez P. 

2015). For these reasons, telomeres resemble fragile sites (Sfeir A. et al. 2009). Telomere 

fragility can be visualized by telomeric DNA FISH. Fragile telomeres appear as multimeric 

signals at chromosome ends of metaphase chromosomes. Shelterin and additional 

telomere accessory factors are required to ensure the progression of replication fork and to 

prevent telomere fragility (Blasco M.A. and Martinez P. 2015). The telomere repeat 

binding factor TRF1 has a central role in suppressing telomere fragility. In fact, deletion of 

TRF1 results in mutitelomeric signals (MTSs), ATR activation, end-to-end fusions, 

increased frequency of sister telomere associations but also the formation of ultrafine 
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anaphase bridges (UFBs) (Figure 1.18) (Martinez P. et al. 2009; Sfeir A. et al. 2009; 

d’Alcontres M.S. et al. 2014).  A very recent work demonstrated that TRF1 abrogation in 

liver under chronic replicative stress correlates with increased ploidy of hepathocytes 

caused by endoreduplication (Beier F. et al. 2015). In addition, TRF1 interacts with the 

helicase BLM to specifically suppress lagging strand telomere fragility (Figure 1.18) 

(Zimmermann M. et al. 2014). In fact, combined depletion of TRF1 and BLM increases the 

number of MTSs specifically at lagging strand telomere, the G-rich strand prone to form 

G4 structure that BLM is able to unwind. Also Topoisomerase IIα (TopoIIα) has been 

demonstrated to bind telomeres in a TRF1-dependent manner to resolve DNA replication 

intermediates. TopoIIα depletion correlates with telomere fragility at both telomeric 

strands and formation of ultrafine anaphase bridges (d’Alcontres M.S. et al. 2014).   

 

 

Figure 1.18. Model for TRF1 role in telomere replication. TRF1 recruits BLM helicase to resolve G quadruplexes in the G strand, 
preventing lagging strand fragility. TRF1 loss results in telomere fragility, ATR activation, end-to-end fusions, sister telomere 
associations, and increased frequency of ultrafine bridges. The current model proposes that deletion of TRF1 results in single-strand (ss) 
gaps at sites of fork stalling that are coated by Replication Protein A (RPA) to further induce ATR signaling (from Martinez P. and Blasco 
M.A 2015). 

 

Conditional deletion of mouse Trf2 results in a strong damage response at telomeres that 

leads to chromosome end to end fusion by the non-homologous end-joining pathway, loss 

of the 3’overhang without affecting telomere replication (Celli G.B. and de lange T. 2005; 
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Sfeir A. et al. 2009). However, TRF2 allows telomeric association of various helicases or 

endonucleases such as Werner (WRN), Flap endonuclease 1 (FEN1) and Regulator of 

telomere length (RTEL) to prevent replication fork stalling, but also to ensure correct 

formation and disassembly of T-loop and to assist telomeric recombination processes 

(Figure 1.19) (Blasco M.A. and Martinez P. 2015). In particular, TRF2 physically interacts 

with WRN helicase that resolves G-quadruplexes on the lagging strand telomere and 

prevents lagging strand telomere loss (Crabbe L. et al. 2004). In addition, WRN has been 

recently reported to facilitate telomeric recombination processes such as T-loop 

formation/resolution, telomeric sister chromatid exchange and break-induced replication 

(BIR). Importantly the strand exchange activity of WRN on telomeric DNA is enhanced by 

interaction with TRF2 (Edwards D.N. et al. 2014). FEN1 is an endonuclease that 

participates in Okazaki fragment processing during lagging strand synthesis and it has 

been demonstrated to localize to telomeres through the interaction with TRF2 (Liu Y. et al. 

2004). In line with this, FEN1 was shown to prevent lagging strand telomere fragility and 

loss (Saharia A. et al. 2008; Saharia A. et al. 2010). In addition, FEN1 interacts with both 

RecQ helicases, WRN and BLM (Sharma S. et al. 2005). Finally, RTEL associates to 

telomeres though the interaction with TRF2 to carry out two important functions. RTEL 

facilitates T-loop unwinding and prevents G-quadruplex formation during telomere 

replication (Vannier J.B. et al. 2012; Uringa E.J. et al. 2012; Sarek G. et al 2015). In fact, in 

addition to telomere fragility, loss of RTEL causes telomere length heterogeneity and 

accumulation of telomeric circles indicating a role in T-loop disassembly in vivo (Vannier 

J.B. et al. 2012). Interestingly, the role of RTEL in telomere fragility suppression is 

dependent on its interaction with the replication clamp protein PCNA, a processivity 

factor for DNA polymerases (Vannier J.B. et al. 2012; Vannier J.B. et al. 2013). 
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Figure 1.19. TRF2 allows the recruitment to telomeres of various factors required for telomere replication and recombination 
processes. WRN helicase associates with telomeres in a TRF2-dependent manner during S phase and has been proposed to resolve G-
quadruplexes and to facilitate telomeric recombination processes. FEN1 localizes to telomeres through interactions with TRF2. FEN1 
also binds BLM and WRN helicases and has been proposed to prevent telomere fragility by facilitating G-quadruplex unwinding and 
reinitiating stalled replication forks during lagging telomere synthesis. Finally, TRF2 interacts with RTEL1 to disassemble telomeric (T) 
loops during S phase. RTEL1 also facilitates G-quadruplex unwinding at telomeres interacting with PCNA, thus preventing telomere 
fragility (taken from Martinez P and Blasco M.A 2015). 

 

Together these findings demonstrate that telomeres have evolved complex mechanisms 

that involve shelterin and telomere-associated proteins to prevent telomeric fragility, a 

source of telomeric DNA damage and instability.  

 

1.6.5 Replication stress triggers recombination at ALT telomeres 

Telomeres in ALT cells show a different structure compared to the hallmarks of telomerase 

positive cells. ALT telomeres reach high telomere length, contain increased frequency of 

variant telomeric repeats sequences and are characterized by a reduced abundance of 

shelterin proteins. This renders telomeres potentially even more difficult to replicate. In 

this scenario, high levels of replication stress may be considered a feature of ALT 

(O’Sullivan R.J. and Almouzni G. 2014). In fact, restart of stalled replication forks could 

potentially trigger ALT activity. In line with this, deletion of RTEL in mouse cells, which 

have long telomeres, cause formation of extra chromosomal telomeric repeats (ECTR). 

Importantly ECTR formation was blocked using drugs that completely stall the replication 

fork (Vannier J.B. et al. 2012). This means that stalled replication forks spontaneously can 

form intermediate structures recognized by homologous recombination machinery. In 

addition to this, ALT cells and tumors often lack the activity of ATRX/DAXX complex 

implicated in G quadruplex resolution structures and heterochromatin formation at 

telomeres (Figure 1.20A). Interestingly, ATRX deficiency has been linked with stalling of 

replication forks and consequent replicative stress (Leung J.W.C et al. 2013).  In ALT 

tumors and cells, G-quadruplexes structures could accumulate and block DNA replication 
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fork progression (Figure 1.20B). Consequent stalled/collapsed replication forks could 

provide a reservoir of DNA intermediates to homologous recombination machinery to 

perform ALT activity. In line with increased replication stress, a high proportion of 

telomeres in ALT cells are associated with activated DNA damage response. This renders 

ALT telomeres hypersensitive to ATR inhibitors (Flynn R.L et al. 2015). 

 

 

Figure 1.20. Chromatin assembly mechanisms at mammalian telomeres. A. ATRX function at replication fork. G-quadruplexes form at 
telomeres and ATRX binds to chromatin via H3K9me3 to catalyze the ATP dependent unwinding of these structures. This enables 
DAXX mediated incorporation of histone H3.3–H4 dimers and faithful chromatin assembly at tandem repeats. B. In the absence of 
ATRX, G-quadruplexes remain unresolved and impede deposition of histone H3.3–H4 by the histone chaperone, DAXX. This may lead 
to prolonged replicative stress as illustrated by the accumulation of replication protein A (RPA) on ssDNA. At ALT telomeres, changes in 
the telomeric sequence may displace shelterin proteins (TRF2). This could augment replicative difficulties at ALT telomeres. Changes in 
chromatin might alter transcription of telomeric non- coding RNA (TERRA) (taken from O’Sullivan R.J. and Almouzni G. 2014). 
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Aim of the thesis 

Telomeric repeats are organized into heterochromatin structures specifically defined by 

the interplay of epigenetic regulators (HMTases, DNMTases, HDACs), chromatin 

remodeling factors and the long non-coding RNA, TERRA. Together these players 

characterize and regulate the epigenetic status of telomeres. 

Changes in chromatin structure and TERRA abundance at telomeres have been linked 

with loss of telomere length control, activation of DNA damage response and genomic 

instability. 

My PhD thesis aimed: 

- to define the impact of the histone H3K9 specific methyltransferase Suv39h1 on telomere 

homeostasis and carcinogenesis using a transgenic mouse model (project 1); 

 

- to obtain new insights into the molecular function of TERRA in telomere regulation by 

identifying novel proteins with binding specificity for TERRA UUAGGG RNA repeats 

(project 2).  
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2. Material and Methods  

2.1 Cell lines and culture 

Feeder independent mouse ES cells were cultured on 0.2% gelatin-coated plates in mESC 

self-renewal medium (Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

15% knockout serum replacement (Gibco), 1% non-essential amino acids (Gibco), 1mM 

sodium pyruvate (Invitrogen), 1% L-glutamine (Invitrogen), 0.1 mM β-mercaptoethanol 

and 1000U/ml mouse Leukemia Inhibitory Factor (LIF). pMEFs were cultured in DMEM, 

high glucose; 10% fetal bovine serum; L-glutamine and Pen/Strep (all Invitrogen). Human 

cancer cell lines used were obtained from ATCC and have not been cultured for longer 

than 6 months. Human lung adenocarcinoma cell line H1299 was grown in Roswell Park 

Memorial Institute (RPMI) medium (Lonza) supplemented with 10% fetal bovine serum, L-

glutamine, Pen/strep (Life Technologies). Osteosarcoma cells (U2-OS) were cultured in 

low glucose Dulbecco’s modified Eagle’s (DMEM) medium (Lonza) with 10% fetal bovine 

serum, L-glutamine and Pen/Strep (Life Technologies).  

 

2.2 Transgenic animal model 

Trangenic animals were generated using the CMV-loxP-Stop-loxP-Suv39h1-pA cassette 

excised from the vector using PvuII/SalI, purified and injected into the pronuclei of 

fertilized oocytes obtained from C57BL/6 x CBA F1 mice at the CNIO transgenics unit and 

founder mice were established. Founder animals were backcrossed for 3 generations to a 

pure C57BL/6 background to obtain the Suv39h1 transgenic line studied here. 

Suv39h1Stop transgenic animals were crossed with homozygous CMV-Cre recombinase 

transgenic animals (Zinyk D.L. et al. 1998) to give rise to Suv39h1ΔStop-CMV-Cre mice 

(in this study: Suv39h1ΔStop) and heterozygous CMV-Cre (in this study “control” mice) 

offsprings. Mice were generated and maintained at the CNIO under specific-pathogen-free 

conditions in accordance with the recommendations of the Federation of European 

Laboratory Animal Science Associations. All efforts were made to minimize suffering.  
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2.3 siRNAs and vectors transient transfection 

Cells were seeded (number cells of varies depending on the cell line) and the day after 

were transfected. For siRNAs transfection RNAi-MAX Lipofectamine (Invitrogen) was used 

at a final concentration of 30-60nM according to the manufacturer’s suggestions. 72 hours 

post-transfection experiments were perfomed. Transfected siRNAs used are listed below: 

ON-TARGETplus non-targeting siRNA#1 (Dharmacon) 

ON-TARGETplus smartpool TRF1 siRNAs (Dharmacon) Human 

ON-TARGETplus smartpool  NONO siRNAs (Dharmacon) Human 

ON-TARGETplus smartpool SFPQ siRNAs (Dharmacon) Human 

RNAse H1 siRNA  (eurofins): 5’ ACAAACCAAAGAGCGGAAAUUCAUG(dTdT) 3’ 

 

A variable amount of specific vectors was transfected using Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s suggestions. Vectors used for transient 

transfections: pCDNA, pCDNA-HA-Suv39h1, pCDNA 3.1-mCherry, pLHCX-mCherry-

RNase H1.  

 

2.4 Generation of p54nrb and PSF stable cell lines 

H1299 and U2-OS p54nrb stable cell lines have been generated with retroviral 

transduction of pLPC and pLPC-NFLAG p54nrb vectors. Infected cells have been selected 

using puromicine (1ug/ml). Differently, H1299 and U2-OS PSF stable cell lines have been 

generated through single transfection of linearized pLPC (control) or combined 

transfection of linearized pLPC and pCMVmyc-PSF vectors. Transfected cells have been 

selected using puromicine (1ug/ml).  

 

2.5 Retroviral transduction of human cells 

HEK 293GP (Gag and Pol) were used as packaging cell line. The solution DNA-CaCl2 (2,5 

M CaCl2 sterilized by filtration) for a 10cm dish was prepared adding sequentially: H2O up 

to 450 ul, 50ul CaCl2 and 5-10 ug of specific plasmid DNA. In a different tube 500ul of 

2X HBS (Table 1) were added and the DNA solution was transferred drop by drop to the 

2X HBS.!The solution was mixed introducing air bubbles and incubated for 20-30 minutes 
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to allow efficient formation of DNA-CaPO4 precipitates. Then, the solution was added 

dropwise to the cells previously covered with 10 ml of fresh medium and incubated at 37 

C°. The day after the medium was changed and the cells were incubated for 48 hours. 

Subsequently, the supernatant containing the virus was collected, filtered and added in a 

tube with 1ml of serum (FBS) and 8ug/ml of polybrene. This solution was used to infect 

U2-OS and H1299 cells. The day after, medium was changed. After 24 hours the specific 

antibiotic to select transfected cells was added. 

!
2X Hepes-buffer saline (HBS) For 50ml/ stock solution 

50mM Hepes pH7 10ml        (250 mM) 

280 mM NaCl 5 ml         (2,8 M) 

1.5 mM Na
2
HPO

4
 0,5 ml      (150 mM) 

 To 50 ml with H
2
O 

!
 

2.6 TERRA-pull down 

Cells were resuspendend in Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 

0.5 mM DTT, 1x PMSF, and complete proteinase inhibitor (Roche)) incubated on ice for 

10 minutes and homogenized in the presence of 0.05% NP-40 using a Dounce 

homogenizer pestle. Obtained nuclei were pelleted and resuspended in Buffer C* (20 mM 

HEPES pH 7.9, 25% (v/v) glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM 

DTT, 1x PMSF, complete proteinase inhibitor (Roche)). NaCl was added to reach a final 

concentration of 400mM. Extracts were incubated on ice for 20 minutes and sonicated.  

Samples were centrifuged to obtain the supernatant containing nuclear proteins. NaCl 

concentration was diluted with Buffer C diluent (20 mM HEPES pH 7.9, 1.5 mM MgCl2, 

0.2 mM EDTA, 0.5 mM DTT, PMSF, complete protease inhibitor (Roche)) to reach a final 

concentration of 150mM NaCl. Extracts were precleared using strepatviding agarose 

beads (Invitrogen).  Beads were removed by centrifugation and nuclear extracts were 

supplied with RNase Inhibitor (RNase OUT, Invitrogen), yeast tRNA (Invitrogen, final 

concentration 100ng/ml), Heparin (Sigma, final concentration 5ug/ml), RNA oligos biotin-

r[UUAGGG]6 or biotin-r[EGFP] (both MWG eurofins) and agarose-streptavidin beads 

(Invitrogen). Sample were incubated for 1hr at 4ºC. Beads were washed in Binding Buffer 

(20 mM HEPES pH 7.9, 20% glycerol, 0.2 mM EDTA, 150 mM NaCl, 0.05% NP-40, 1mM 
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PMSF, 0,5 mM DTT, complete protease inhibitor cocktail, RNase OUT (Invitrogen)) and 

bound proteins were eluted using 2x Laemli sample buffer. Eluted proteins were separated 

on a one dimensional SDS-PAGE and subjected to silver staining (Invitrogen). Specific 

biotin-r[UUAGGG]6 binding proteins were cut out from the gel and identified by mass 

spectrometry. 

Biotin-EGFP: 5’ AAGGACGACGGCAACUACAAGACCCGCGCCGAGGUGAAGU 3’ 

Biotin-TERRA: 5’ UUAGGGUUAGGGUUAGGGUUAGGGUUAGGGUUAGGG 3’ 

 

2.7 Immunoprecipitation 

Cell lysates were prepared with ice-cold lysis buffer containing 50 mM Tris-HCl, pH 8, 

150 mM NaCl, 5mM EDTA, 1mM DTT, 1mM PMSF, 1 mM beta-glycerophosphate, 1mM 

Na3VO4, 5 mM Na2F, and protease inhibitor cocktail (Sigma) plus 5% glycerol and 1% 

NP-40. After centrifugation and preclearing, lysates were incubated at 4 °C with specific 

antibodies or rabbit IgG as negative control (check 2.23 antibodies table). After 2 hours, 

protein-A agarose-beads (Santa Cruz) were added to each IP and incubated overnight. The 

resin was then washed and bound proteins were eluted in sample buffer 2X and subjected 

to SDS-PAGE followed by western blotting. 

 

2.8 Western Blotting 

Lysis buffers used for protein extract preparation were supplied with complete protease 

and phosphatases inhibitors (Roche). Whole-cell lysates were prepared using a modified 

RIPA buffer (20 mmol/L Tris-HCl (pH 7.5) 350 mmol/L NaCl, 1 mmol/L Na2EDTA, 1 

mmol/L EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mmol/L sodium pyrophosphate, 

1 mmol/L b-glycerophosphate, 1mmol/L Na3VO4, 1 mg/mL leupeptin). After sonication 

and centrifugation, supernatants were recovered and subjected to western blot. For the 

preparation of nuclear extracts, cells were resuspended in Buffer 1 [20 mmol/LHepes-

KOH (pH 7.9), 10 mmol/L KCl, 1.5 mmol/L MgCl2, 1 mmol/L EDTA, 1 mmol/L EGTA, 

0.2% NP40] and incubated for 10 minutes on ice. Nuclei were centrifuged and lysed in 

Buffer 2 (20mmol/L Hepes-KOH (pH 7.9), 350 mmol/L NaCl, 1.5 mmol/L MgCl2, 10 

mmol/L KCl, 10% glycerol, 1 mmol/L dithiothreitol). Then they were sonicated and 
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centrifuged. Supernatants were recovered as nuclear extracts. Protein extracts were 

separated on SDS-polyacrylamide gels. After transfer, membranes were incubated with 

primary antibodies (check 2.23 antibodies table). Then the membranes were incubated 

with secondary antibodies bound to the HRP enzyme (horseradish peroxidase-conjugated 

antibody) (GE Healthcare) and the levels of proteins expression were detected by 

chemiluminescence using the ECL system (GE Healthcare) with subsequent exposure on 

autoradiography film (GE Healthcare).  

 

2.9 ChIP assay and telomere dot-blots 

Cells were fixed adding formaldehyde directly to culture medium to a final concentration 

of 1% and incubated for 15 min at room temperature on a shaking platform. Cross-linking 

was then stopped by the addition of glycine to a final concentration of 0.125 M. Cross-

linked cells were washed twice with cold PBS, collected and lysed for 10 minutes at 4 °C 

in 1% SDS, 50 mM Tris-HCl (pH 8.0) and 10 mM EDTA containing protease inhibitors. 

Lysates were sonicated to obtain chromatin fragments >1 kb and centrifuged for 15 min in 

a microcentrifuge at room temperature. Chromatin was diluted 1:10 with 1.1% Triton X-

100, 0.01% SDS, 1.2 mM EDTA, 167 mM NaCl and 16.7 mM Tris-HCl (pH 8.0) 

containing protease inhibitors and precleared with Protein A or Protein G agarose beads 

(Santa Cruz). Chromatin fragments were incubated with 3,5µg of specific antibodies 

(check 2.23 antibodies table) or rabbit/mouse IgG as negative control at 4°C overnight on 

a rotating platform. Protein A or Protein G agarose beads were then added and the 

incubation continued for 1 h. Immunoprecipitated pellets were washed with 0.1% SDS, 

1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.0) and 150 mM NaCl (one wash); 

0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.0) and 500 mM NaCl 

(one wash); 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA and 10 mM 

Tris-HCl, pH 8.0 (one wash); and 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA (two 

washes). Chromatin was eluted from the beads twice by incubation with 250 µl of 1% 

SDS/ 50mM NaHCO3 for 15 min at room temperature with rotation. After adding 20 µl of 

5 M NaCl, cross-links were reversed by incubation for 4 h at 65 °C. Samples were 

supplemented with 20 µl of 1 M Tris-HCl (pH 6.5), 10 µl of 0.5 M EDTA, 20 µg of RNase 

A and 40 µg of proteinase K and were incubated for 1 h at 45°C. DNA was recovered by 
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phenol-chloroform extraction and ethanol precipitation and then, spotted into a dot-blot 

with a Hybond N+ membrane which was hybridized with a telomeric probe obtained 

from a plasmid containing 1.6 kb of TTAGGG repeats. We quantified the signal using 

ImageQuant software. For total DNA samples, aliquots corresponding to a 1:10 dilution of 

the amount of lysate used in the immunoprecipitations were processed along with the rest 

of the samples during the crosslink reversal step. We calculated the amount of telomeric 

or major satellite DNA immunoprecipitated in each ChIP based on the signal relative to 

the corresponding total telomeric or major satellite DNA signal, respectively. In all cases, 

we represented the ChIP values as a percentage of the total input telomeric DNA. 

 

2.10 Immunofluorescence 

Cells were washed with 1x PBS and, fixed in 4% paraformaldehyde (PFA) for 15 minutes. 

Subsequently cells were washed with 1x PBS and treated with citrate buffer [0.1% (w/v), 

0.05% Triton X-100] for 10 minutes at room temperature. Cells were blocked for 45 

minutes in 3% BSA (1XPBS, 0.1% Tween-20) and incubated with primary antibodies 

(check 2.23 antibodies table) diluted in blocking solution for 2h at room temperature in a 

wet chamber. Cells were washed three times in 0.3% (w/v) BSA (1xPBS)/0.1% Tween-20 

for 5 minutes and incubated with Alexa-fluor secondary antibodies (Invitrogen) diluted 

1:500 in washing solution for 1h in a wet chamber. After the incubation three washes 

were performed in 1x PBS with 0.1% Tween-20 for 5 minutes. In particular, in the second 

wash was added the 20 DAPI (Vector Laboratories) to stain the nuclei. The slides were 

mounted with Vectashield. In particular for S9.6 immunofluorescence, cells were fixed in 

ice-cold methanol for 10 minutes and permealized with acetone on ice for 1 minutes. All 

washing and antibody solutions were performed in 4xSSC instead of 1X PBS.  

Images were captured using confocal (Nikon Eclipse C1Si on TE-2000U) or classic 

immunofluorescence (Leica DM4000B) microscope. For classic immunofluorescence 

analysis, the number of co-localizations per focal plane was counted. For confocal 

microscopy analysis, number of co-localizations was counted on the image resulting from 

the sum of three Z-stacks. Quantitative immunofluorescence analysis were performed 

using ImageJ. The Student t test was used to calculate the statistical significance. 
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2.11 Immunohistochemistry 

Skin samples were fixed in 10% buffered formalin, embedded in paraffin wax and 

sectioned at 4 µm. After de-paraffination, sections were processed with 10 mM sodium 

citrate (pH 6.0) for 20 min at 95°C.  After blocking in 5% goat serum cells were incubate 

with respective primary and secondary antibodies (check 2.22 antibodies table). Primary 

antibody was incubated for 1 hour at room temperature. Secondary Cy3-goat anti-rabbit 

antibody (1:400; Jackson Immuno Research Laboratories, Inc.) for 60 min at room 

temperature; slides were mounted in Vectashield. Quantitative image analysis of mouse 

tail skin sections was performed by confocal microscopy (H3K9me3) using a TCS-SP2-A-

OBS-UV Leica microscope with Metamorph software (version 6.3r6) platform followed by 

picture analysis as previously described (Blanco R. et al. 2007).   

 

2.12 RNA-FISH 

Cells were washed with 1XPBS and than permeabilized in three steps of 30 seconds each 

in cytobuffer (100mM NaCl, 300mM Sucrose, 3mM MgCl2, 10mM Pipes pH6.8), 

cytobuffer/0,5%Triton-X, cytobuffer. Cells were then fixed for 10 min at room temperature 

in ice-cold 4% PFA in PBS. Cells were then dehydrated in ice-cold 70% ethanol twice for 

2 minutes, ice-cold 90% ethanol for 1 minute, ice-cold 100% ethanol for 1 minute. Dried 

slides were incubated with 7 µl of TERRA probe overnight in a humid chamber (2XSSC, 

50% formamide) at 37°C. Slides were washed once in 2XSSC for 3 minutes at room 

temperature, three times in 2XSSC for 5 minutes at 37°C and once in 2XSSC (supplied 

with DAPI) for 5 minutes at room temperature. Then, slides were transfered in 4XSSC and 

mounted in Vectashield. TERRA probe was obtained from a plasmid containing 1.6 kb of 

TTAGGG repeats and labeled with FISH Tag DNA kit (Invitrogen). Images were captured 

with Leica DM4000B microscope.  At a chosen exposure time, the number of foci per 

nucleus was counted. The Student t test was used to calculate the statistical significance. 

 

!
!
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2.13 Immunofluorescence and RNA-FISH  

Cell were permeabilized with cytobuffer as described in RNA-FISH and fixed for 10 min at 

room temperature in 4% PFA in PBS. After 5 min at room temperature in 0.1% sodium 

citrate/0.1% Triton X-100, cells were blocked for 1h at room temperature in PBS 

containing 3% (w/v) BSA, 0.1% Tween-20. Primary antibodies (check 2.23 antibodies 

table) were incubated for 1 h at room temperature. Cells were washed three times in 0.3% 

(w/v) BSA (1xPBS)/0.1% Tween-20 for 5 minutes and incubated with Alexa-fluor 

secondary antibodies (Invitrogen) diluted 1:500 in washing solution for 1h in a wet 

chamber. After the washing step for the secondary cells were fixed at room temperature 

for 2 minutes with 4% PFA and dehydrated in ice-cold ethanol. At this point RNA-FISH 

was performed as described in par. 2.12. Images were captured with Leica DM4000B 

microscope. The number of co-localizations per focal plane was counted. The Student t 

test was used to calculate the statistical significance. 

 

2.14 Telomere length analyses on metaphase spreads 

For telomere Q-FISH on metaphase spreads exponentially growing primary mouse 

embryonic fibroblasts (pMEFs) were incubated with 0.1 µg/mL colcemide (GIBCO) for 5 h 

at 37°C. Cells were collected and centrifuged at 900 rpm for 5 minutes. Pellet was 

resuspended in 1 ml of medium and 9 ml of hypotonic solution (0.03M Na-Citrate) 

previously heated at 37°C were added under constant vortexing. Then, cells were 

incubated for 25 minutes at 37°C and centrifuged for 5 minutes at 900 rpm. The 

hypotonic solution was removed leaving only 1 ml and then 2 ml of fix solution 

(Methanol: acetic acid 3:1) were added drop by drop under constant vortexing. 

Subsequently, other 9 ml of fix solution were added. Fixation step has been repeated 

twice. Then metaphase spreads were prepared: 200ul of each sample were dropped from 

a distance of 1 meter on the slide previously washed with methanol and treated with 45% 

acetic acid. The slides were dried overnight in the dark at room temperature (RT).  The 

day after, cells were hydrated for 15 minutes with 1X PBS and then fixed with 4% 

formaldehyde for 2 minutes. After three washes with 1X PBS, the slides were incubated 

with pepsin solution (200mg of pepsin, 168ul of HCl, 200 ml of H2O) for 10 minutes at 

37°C in the bath. Fixing and washing steps were repeated and then the slides were 
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dehydrated with three successive washes, respectively, in 70%, 90%, and 100% ethanol 

for 5 minutes each and left to dry for 20 minutes. PNA telomere probe (TTAGGG)4 was 

prepared by resuspending 5 ng of lyophilised probe in 200µl of water and then incubated 

at 37 ° C for 5 min, 70 ° C for 3 min, and again at 37 ° C for 5 min. PNA-telomere probe 

solution (Table 1) was added to each slide and denaturated at 80 ° C for exactly 3 

minutes. After 2h of incubation in the dark in a humid chamber, slides were washed twice 

with FISH solution (Table 2) for 15 minutes at RT. Further 3 washes of 5 minutes with 

1XTBS/0,01% Tween-20 at RT were performed, followed by a wash in 1X TBS with DAPI 

for 5 minutes. Slides were then dehydrated with 3 washes, respectively in 70%, 90%, 

100% of ethanol and mounted in Vectashield. Images were captured in a linear 

acquisition mode using a COHU CCD camera on a Leica DMRB microscope. The 

Wilcoxon–Mann– Whitney rank sum test was used for statistical comparisons of the mean 

telomere length. 

 

Table 1: probe solution 

 

Stock to 250 ul (10 slides) Final concetration 

1M Tris pH 7.2 2.5 ul 10mM 

Buffer MgCl pH 7.0  

(25 mM MgCl, 9 mM citric acid, 

82 mM Na2HPO4) 

21.4 ul  

Deionized Formamide 175.0 ul 70% 

probe 25ug/ml 5.0 ul 0.5 ug/ml 

BM 10% (blocking reagent) 12.5 ul 0.25% 

H
2
O  33.6 ul  

 

Table 2: FISH solution 

Stock To 400 ml  Final concentration 

Formamide 280 ml 70% 

1M Tris pH 7.2  4ml 10mM 

BSA 10% 4ml 0.1% 

H
2
O  112  
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2.15 Chromosome Orientation FISH (CO-FISH) 

 

Confluent cells were subcultured in the presence of 5’-bromo-2’-deoxyuridine (BrdU; 

Sigma) at a final concentration of 10µM and then were allowed to replicate their DNA 

once at 37 °C overnight. During the final 2-3 h, colcemid was added. For H1299 we used 

a colcemid concentration of 1µg/ml for 2 h at 37°C while for U2-OS we used a 

concentration of 0.2µg/ml for 3 h at 37°C. Cells were then recovered and metaphases 

prepared as described in par. 2.13. The slides were dried overnight in the dark at room 

temperature (RT).  Slides were rehydrated in 1× PBS for 10 min at room temperature, 

incubated with 0.5 mg/ml RNaseA (in PBS, DNase free) for 10 min at 37°C and stained 

with 0.5 µg/ml Hoechst 33258 in 2× saline sodium citrate solution (SSC) for 15 min at 

room temperature in the dark. Subsequently, slides were placed in a shallow plastic tray, 

covered with 2× SSC and exposed to 365 nm ultraviolet light at room temperature for 25 

min. The BrdU-substituted DNA strands were digested with at least 3 U/µl of Exonuclease 

III at room temperature for 10 min. Slides were washed in 1× PBS and then fixed with 4% 

formaldehyde for 2 minutes. After three washes with 1X PBS, the slides were incubated 

with pepsin solution (200mg of pepsin, 168ul of HCl, 200 ml of H2O) for 10 minutes at 

37°C in the bath. Fixing and washing steps were repeated and then the slides were 

dehydrated with three successive washes, respectively, in 70%, 90%, and 100% ethanol 

for 5 minutes each and left to dry for 20 minutes. Cy3 (TTAGGG)7 probe solution (see par. 

2.14, Table 1) was added to each slide. The slides were not subjected to DNA 

denaturation. After 2h of incubation in the dark in a humid chamber, slides were washed 

twice with FISH solution (see par. 2.14, Table 2) for 15 minutes at RT. Further 3 washes of 

5 minutes with 1XTBS/0,01% Tween-20 at RT were performed, followed by a wash in 1X 

TBS for 5 minutes. Then the slides were dehydrated with three successive washes, 

respectively, in 70%, 90%, and 100% ethanol for 5 minutes each and left to dry for 20 

minutes. (CCCTAA)7 probe labeled with Rhodamine Green (see par. 2.14 Table 1) was 

added to each slide. The slides were not subjected to DNA denaturation. After 2h of 

incubation in the dark in a humid chamber, slides were washed twice with FISH solution 

(see par. 2.14 Table 2) for 15 minutes at RT. Further 3 washes of 5 minutes with 

1XTBS/0,01% Tween-20 at RT were performed, followed by a wash in 1X TBS with DAPI 

for 5 minutes. Slides were then dehydrated with 3 washes, respectively in 70%, 90%, 
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100% of ethanol and mounted in Vectashield. Metaphase spreads were captured with 

Leica DM4000B microscope. 

 

2.16 Telomeric DNA FISH 

Cells were washed in 1X PBS and fixed with 4% formaldehyde for 2 minutes at RT. After 

three washes for 5 minutes with 1X PBS in agitation, the slides were incubated in pepsin 

solution, previously heated, for 10 minutes at 37 ° C in the bath. The fixing and washing 

steps were repeated a second time and then the slides were dehydrated with three 

successive washes, respectively, in 70%, 90%, and 100% ethanol for 5 minutes each and 

left to dry for 20 minutes. Then 15 ul of PNA-telomere probe were added to each slide 

and cover with a coverslip, so the slides were denaturated at 80 ° C for 3 minutes exactly. 

The slides were then incubated for 2 h at RT in the dark in a humid chamber. To remove 

the coverslip two washes were performed of 15 minutes with FISH solution (Formamide 

70%, Tris pH 7.2 10mM, BSA 0.1%, H2O) at RT, followed by 3 washes of 5 minutes in 

1XTBS with 0,01% of Tween 20 at RT and one wash in 1X TBS with DAPI for 5 minutes. 

The slides were then dehydrated with 3 washes, respectively in 70%, 90%, 100% of 

ethanol, then mounted with Vectashield. Images were captured using Leica DM4000B 

microscope. Telomere signals intensity of interphase nuclei was analyzed using TFL-TELO 

software. The Student t test was used to calculate the statistical significance. 

 

2.17 Immunofluorescence and telomere FISH 

Immunofluorescence combined with telomeric DNA FISH was performed in U2-OS cells 

seeded on slides and H1299 blocked in metaphase using colcemid (1ug/ml for 3 hours) 

and spotted by cytospin centrifugation on slides. Cells were fixed for 20 minutes with 4% 

formaldehyde in PBS and permealized with PBS 0.1% Triton X-100 for 7 minutes at room 

temperature. Then, cells were washed two times with 1X PBS and were blocked with 3% 

(w/v) BSA 1XPBS for 20 minutes at 37°C. Subsequently, slides were incubated with 

primary antibodies (check 2.23 antibodies table) diluted in blocking solution at 4° C 

overnight. Cells were washed twice in 0.05% Triton X-100 1XPBS for 5 minutes and then 

incubated with secondary antibodies for 1 hour at room temperature. After 



Materials and Methods 

! ! !57 

immunostaining, telomeric FISH was performed as described in par. 2.16 with minor 

modifications. Images were captured using Leica DM4000B microscope.  

 

2.18 TERRA Northern Blot and qRT-PCR 

To perform Northern blot analysis total RNA (10 µg) was loaded onto 1.2% formaldehyde 

agarose gels and separated by electrophoresis. RNA was then transferred to Nylon 

membranes and blots were incubated with 32P-labelled telomeric probe obtained from a 

plasmid containing 1.6 kb of TTAGGG repeats.  

For RT–PCR analysis, total RNA (1.5 µg) was reverse transcribed with random oligos 

(2pmol) and telomere-specific primers (2pmol)  (TEL Rev: 5’ CCTAACCCTAACCCTAAC 

CCTAACCCTAA 3’) at 55 °C using SuperScript III reverse transcriptase (Invitrogen). For 

quantitative SYBR green reactions, different TERRA transcripts were analysed using the 

following chromosome specific primers:  

Chr. 1q-21q Fw: 5’ TCTCGGTGCGCAGGATTCAGA 3’,  

Chr. 1q-21q Rev: 5’ GTCACAGACCAGTTAGAATG 3’,  

Chr. 2q-10q-13q Fw: 5’ GTCAGAGACCAGTTAGAACG 3’,  

Chr. 2q-10q-13q Rev: 5’ GGTGCGCAGGATTCAGAGAG 3’.  

TERRA transcripts levels were normalized to global histone H3 levels: 

H3 Fw: 5’GTGAAGAAACCTCATCGTTACAGGCCTGGT3’,  

H3 Rev: 5’CTGCAAAGCACCAATAGCTGCACTCTGGAA 3’.  

 

2.19 Quantitative real-time PCR 

Total RNA was prepared using QIAzol Lysis Reagent (Qiagen) and reverse transcribed 

with QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’s 

instructions. Quantitative PCR was performed using the QuantiFast SYBR Green PCR Kit 

(Qiagen) and analyzed with the CFX96 Real-Time PCR Detection System (BIO-RAD. 

mRNA levels were normalized to actin. PCR primers used for quantitative Real-Time PCR 

(Schuler M. et al. 2003):  

Bax FW: 5’ GGAGCAGCTTGGGAGCG 3’,  

Bax REV: 5’ AAAAGGCCCCTGTCTTCA 3’, 
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Puma FW: 5’ ACCTCAACGCGCAGTAC 3’,  

Puma REV: 5’ TGAGGGTCGGTGTCGAT 3’, 

β-actin FW: 5’ CACACCCGCCACCAGTTC 3’,  

β-actin REV: 5’ CCCATTCCCACCATCACACC 3’. 

 

2.20 Colony formation assays using pMEFs 

Low passage of pMEFs of control and Suv39h1ΔStop transgenic mice were infected with a 

recombinant, replication deficient retroviral vector expressing E1A and H-ras as previously 

described (Efeyan A. et al. 2009). Puromycin selection for 3 days was used to eliminate 

non-transduced cells. After 19 days colonies were stained with Giemsa and colony 

number and size was determined.  

 

2.21 Isolation, culture and colony forming assays using primary mouse keratinocytes 

Skin keratinocytes were isolated from the back skin of newborn mice. For colony forming 

assays 104 or 5x105 keratinocytes were seeded on a mitomycin C treated J2-3T3 feeder 

layer and cultivated in CnT-O2 medium with supplement and antibiotics (CELLnTEC, 

Advanced Cell Systems AG) for 11 days. Subsequently cells were fixed with 18,5% 

formaldehyde and stained in with 1% Rhodamine B. Colony size and numbers were 

assessed. 

 

2.22 Skin carcinogenesis 

Age-matched (8- to 12-wk-old) mice of each genotype (37 control; 6 Suv39h1ΔStop) were 

shaved and treated with a single dose of DMBA (7,12-Dimethylbenz[α]anthracene; 0.1 

µg/µL in acetone; Sigma). Mice were subsequently treated twice weekly with TPA (12-O-

tetradecanoylphorbol-13-acetate; 12.5 µg in 200 µL of acetone each treatment; Sigma) for 

15 wk. Papilloma formation and growth was followed in weekly examinations during 

additional 15 weeks. 
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2.23 Antibodies table 

 

Antibodies company WB IF IP Chip 

Mouse anti–Actin Sigma, A2228 ✓     

Mouse anti-ATM (clone 

5C2) 
Santa Cruz, sc-23922 ✓     

Mouse anti-pATM (S1981) 

clone 10H11.E12 
Santa Cruz sc-23922 ✓     

Rabbit anti-ATR Cell Signalling, 2790 ✓     

Rabbit anti-pATR (S428) Cell Signalling, 2853 ✓     

Rabbit anti-Bax Cell signaling, 2772 ✓     

Mouse anti-DNA-RNA 

Hybrid (S9.6) 
Kerafast, ENH001  ✓    

Mouse FUS/TSL (4H11) Santa Cruz, sc-47711 ✓     

Mouse anti- γH2AX 

(ser139) clone JBW301 
Millipore, 06-70 ✓  ✓    

Rabbit anti-global histone 

H3 
Abcam, ab1791 ✓     

Rabbit anti-H3K9me3 Upstate, 07-442 ✓  ✓    

Rabbit anti-HP1β Abcam, 10478  ✓    

Mouse anti-HP1γ Upstate, 05-690  ✓    

Goat anti-Lamin A/C 

(clone N-18) 
Santa Cruz, sc-6215 ✓     

Rabbit anti-NONO A300-582A,Bethyl lab ✓  ✓  ✓  ✓  

Mouse anti-p53 (DO-1) Santa Cruz, sc-126 ✓     

Mouse anti-p53 (PAb 240) Abcam, ab26 ✓     

Rabbit PML (H-238) Santa Cruz, sc-5621  ✓    

Rabbit anti-PSF/SFPQ A301-321A, Bethyl lab ✓   ✓  ✓  

Mouse anti-PSF (clone 

B92) 
Sigma, P2860 ✓  ✓    

Rabbit Rad51 (H-92) Sant Cruz, sc-8349  ✓    

Rabbit anti-phospho 
RPA32(S33) 

A300-246A, Bethyl Lab  ✓    

Mouse anti-Suv39h1 Abcam, ab12405 ✓     

Rabbit anti-topoisomerase 
II alpha 

Abcam, ab 74715  ✓    

Rabbit anti-TRF1(N-19) Santa Cruz, sc-6165-R  ✓    

Rabbit anti-mouse TRF1 produced in house    ✓  

Mouse anti-TRF2 (4A794) Millipore, 05-521 ✓  ✓   ✓  
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   3. Results  

3.1 Project 1: altered telomere homeostasis and resistance to skin 

carcinogenesis in Suv39h1 transgenic mice 

3.1.1 Suv39h1 transgenic mice show increased levels of global H3K9me3  

In order to define the impact of the HMTase Suv39h1 overexpression in vivo, a 

conditional transgenic mouse model has been generated. Suv39h1 cDNA was cloned 

downstream of a floxed transcriptional stop-cassette (pA) that blocks transgene-

transcription driven from the upstream located CAGGS promoter (Figure 3.1.1A). This 

CMV-loxP-Stop-loxP-Suv39-pA cassette was used to generate a transgenic mouse line that 

was crossed with CMV-Cre transgenic mice (Zinyk D.L. et al. 1998) to obtain animals with 

excised of transcriptional stop-cassette (Suv39h1ΔStop/CMV-Cre; in this study: 

“Suv39h1ΔStop” mice) and heterozygous CMV-Cre mice (in this study: “control”). 

Deletion of the transcriptional stop cassette and Suv39h1 mRNA levels in primary mouse 

embryonic fibroblast (pMEFs) derived from Suv39h1StopΔ embryos have been verified by 

southern blot and q-RT PCR, respectively (data not shown, Petti E. et al. 2015). Transgenic 

mice were created at the Spanish National Cancer Center (CNIO), Maria Blasco Lab. 

Western blotting with specific anti-Suv39h1 antibody confirmed ectopic expression of 

Suv39h1 in nuclear extracts of pMEFs obtained from Suv39h1ΔStop embryos (Figure 

3.1.1B). Whole cell extracts prepared from H1299 transiently transfected with a control 

vector (pcDNA) or HA-tagged Suv39h1 (HA-Suv39h1) have been included to confirm 

Suv39h1 antibody specificity. Suv39h1 protein levels are increased in Suv39h1StopΔ 

pMEFs. To control whether ectopically expressed Suv39h1 is enzymatically active, we 

measured global levels of tri-methylated histone 3 lysine-9 (H3K9me3) in Suv39h1ΔStop 

pMEFs by western blotting. As expected, Suv39h1ΔStop pMEFs show significantly 

increased levels of H3K9me3 compared to control pMEFs (Figure 3.1.1C-D). Together 

these results indicate that deletion of the floxed transcriptional stop-cassette results in 

Suv39h1 transgene expression and correlates with increased global levels of H3K9me3 in 

Suv39h1ΔStop pMEFs.  
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Figure 3.1.1. Suv39h1 transgenic mice. A. Schematic representation of the Suv39h1 transgenic vector. Restriction sites for transgene-
cassette excision. B. Suv39h1 expression levels in pMEFs derived from control and Suv39h1ΔStop transgenic mice as determined by 
western blotting using nuclear extracts (pMEFs). Whole cell extracts prepared from H1299 transiently transfected with a control vector 
(pcDNA) or HA-tagged Suv39h1 (HA-Suv39h1) were loaded to verify specificity of the anti-Suv39h1 antibody. Weak Suv39h1 signals 
in Suv39h1ΔStop pMEFs are due to low antibody affinity in western blotting experiments. Arrows indicate the specific Suv39h1 band, 
L.E.: long exposure, S.E.: short exposure. C. Increased H3K9me3 expression levels in pMEFs obtained from control and Suv39h1ΔStop 
transgenic mice as determined by western blotting. Antibodies against global histone H3 were used to control for equal loading.  
Quantification of H3K9me3 levels shown in D. H3K9me3 levels were normalized to global histone H3 levels. N=number of different 
pMEF pool used for each genotype; standard deviations are indicated; a Student’s t-test was used to calculate statistical significance. 
 

 

3.1.2 Suv39h1 overexpression impacts on HP1β nuclear distribution and increases 

H3K9me3 levels in vivo 

Given the role of Suv39h1 in heterochromatin formation, we whished to explore the 

impact of Suv39h1 overexpression on chromatin structure in vivo. Quantitative 

immunofluorescence for H3K9me3 demonstrated that Suv39h1 overexpression 

significantly increases H3K9me3 staining intensity in the nuclei and at chromocenters of 

Suv39h1ΔStop pMEFs compared to control cells, thus confirming the western blot results 

(Figure 3.1.2A-B). H3K9me3 serves as a high affinity binding site for the recruitment of 

HP1 proteins, which in turn interact with Suv4-20h1 and Suv4-20h2 HMTases to establish 
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constitutive heterochromatin at pericentric and telomeric repeats (Lachner M. et al. 2001; 

Garcia-Cao M. et al. 2004). In order to test whether increased H3K9me3 could impact on 

the structure of constitutive heterochromatin, immunostainings for HP1β and HP1γ were 

performed in control and Suv39h1ΔStop pMEFs. We found that Suv39h1 overexpression 

changes the nuclear distribution of HP1β from a concentrated staining at DAPI rich 

chromocenters to a more dispersed pattern (Figure 3.1.2C). Differently, HP1γ distribution 

appears to be not clearly affected by Suv39h1 overexpression (Figure 3.1.2D). Notably, 

quantitative immunofluoresce for HP1β and HP1γ demonstrated that HP1β and HP1γ 

levels remain unchanged in the nuclei of Suv39h1ΔStop pMEFs compared to control cells 

(Figure 3.1.2E-F). In line with previous studies, these results demonstrate that increased 

H3K9me3 levels in different chromatin sites can result in changed nuclear localization 

pattern of HP1β whithout changing total HP1β and HP1γ  abundance  (Melcher M. et al. 

2000; Czitkovich S. et al. 2001).  

In order to validate the impact of Suv39h1 on heterochromain formation in vivo, we used 

confocal microscopy to measure global H3K9me3 levels on tail sections prepared from 

adult Suv39h1ΔStop mice. In line with results in pMEFs, we found significantly increased 

H3K9me3 average levels in the nuclei of skin cells obtained from Suv39h1ΔStop 

transgenic mice (Figure 3.1.2G-H). We conclude that Suv39h1 overexpression increased 

global H3K9me3 level in pMEFs as in transgenic mice and impact on HP1β distribution 

without any effect on HP1β and HP1γ global levels. 
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Figure 3.1.2. Suv39h1 overexpression increases H3K9me3 in transgenic pMEFs and animals. 
A. Increased nuclear H3K9me3 levels in pMEFs obtained from control and Suv39h1ΔStop transgenic mice as determined by automated 
confocal microscopy. B. Quantification of confocal H3K9me3 immunofluorescence of samples shown in A.  Suv39h1 overexpression 
results in a significant increase in H3K9me levels.  C. Suv39h1 overexpression results in a re-distribution of HP1β in pMEFs, as 
determined by immunofluorescence staining. D. Suv39h1 does not impact on the localization of HP1γ, as determined by 
immunofluorescence staining. E. Suv39h1 overexpression does not impact on global HP1β levels in Suv39h1ΔStop pMEFs, as 
determined by classic quantitative immunofluorescence. Left panel: quantification; right panel, representative images. F. Suv39h1 
overexpression does not impact on global HP1γ levels in Suv39h1ΔStop pMEFs, as determined by automated confocal quantitative 
immunofluorescence. Left panel: quantification; right panel, representative images. G. Immuno-histochemistry on adult skin tail 
sections using H3K9me3 specific antibodies. Suv39h1ΔStop mice display increased H3K9me3 levels as demonstrated by confocal 
microscopy and signal intensity mapping (see material and methods). H3K9me3 intensity ranges are indicated by a color code that is 
based on arbitrary fluorescence units.  H. Quantification of average H3K9me3 intensity. Average H3K9me3 levels are significantly 
increased in tail skin sections of Suv39h1ΔStop mice. N=number of independently prepared pMEF cultures or mice tested; n= number 
of nuclei analyzed; arbitrary fluorescence intensity values are indicated; standard deviations are indicated; p-values indicate statistical 
significance. 
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3.1.3 Ectopic Suv39h1 expression drives telomere shortening in pMEFs 

 
Abrogation of master epigenetic regulators, such as histone methyl-transferases and DNA 

methyltransferases has been linked with loss of telomere length control (Blasco M.A. 

2007). In particular, Suv39h1 and Suv39h2 double knockout (Suv39hDN) pMEFs or cells 

that lack DNMTs or Suv4-20h1 and h2 show a loss of chromatin compaction at telomeres 

resulting in recombination dependent telomere elongation (Garcia-Cao M. et al. 2004; 

Gonzalo S. et al. 2006; Benetti R. et al. 2007). To investigate the impact of Suv39h1 

overexpression on telomere chromatin structure and telomere length homeostasis, we 

performed telomeric chromatin immunoprecipitation experiments (ChIP) and telomere 

length analysis in Suv39h1ΔStop pMEFs and control pMEFs. In line with increased global 

H3K9me3 levels, telomeric ChIP revealed that ectopic Suv39h1 expression causes an 

approximately 50% increase in H3K9me3 at telomeric and major satellite repeats without 

affecting the abundance of HP1γ or H4K20me3 (Fig. 3.1.3A-D). In addition, Suv39h1 

overexpression does not impact on the abundance of TRF1 shelterin component at 

telomeric TTAGGG repeats  (Figure 3.1.3A,C). Quantitative telomeric DNA-FISH 

demonstrated that increased chromatin compaction at telomeres induced by Suv39h1 

overexpression correlates with telomere shortening in Suv39h1ΔStop pMEFs compared to 

control pMEFs (Figure 3.1.3.E). Dividing telomere intensity signals into three different 

length categories: <30kb, 30-70kb, >70kb, we observed that Suv39h1ΔStop pMEFs 

display an increased number of short telomeres (< 30 kb) and reduced number of long 

telomeres (> 70 kb) compared to control cells (Figure 3.1.3F). This data is in line with 

telomere elongation in Suv39h1/h2 double knockout mice (Garcia-Cao M. et al. 2004). 

Together, this indicates that Suv39h1 HTMase acts as negative regulator of telomere 

length in mouse cells. 
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Figure 3.1.3. Compaction of telomeric chromatin and telomere shortening in Suv39h1ΔStop pMEFs. A. Suv39h1ΔStop pMEFs display 
augmented H3K9me3 levels at telomeric repeats, as determined by ChIP. Representative images are shown. B. Suv39h1ΔStop pMEFs 
display augmented H3K9me3 levels at pericentric major satellite repeats. Representative images are shown. C. Quantification of 
immunoprecipitated telomeric DNA using the indicated antibodies; signals were normalized to the input material. D. Quantification of 
immunoprecipitated major satellite repeats; signals were normalized to the input material. E. Quantitative telomere Q-FISH on 
metaphase chromosomes obtained from control and Suv39h1ΔStop pMEFs. Average telomere length is significantly shorter in 
Suv39h1ΔStop transgenic mice when compared to pMEFs with normal Suv39h1 expression. G. Telomere length distribution in 
Suv39h1ΔStop pMEFs and control pMEFs. Accumulation of short telomeres (<30kb) and reduction of long telomeres (>70kb) in 
Suv39h1ΔStop pMEFs. N, number of independently prepared pMEF cultures analyzed; standard deviations are indicated; n, number of 
telomeres analyzed; statistical significance is indicated by p-values 

 

3.1.4 Suv39h1 overexpression increased resistence to oncogenic transformation 

Several studies have introduced a role of Suv39h HTMases in the control of cell 

proliferation and mitotic progression (Melcher M. et al. 2000; Czitkovich S. et al. 2001). 

Suv39h1/2 double null mice show increased B cell lymphoma frequency and genomic 

instability suggesting a role for Suv39h1/2 in tumor suppression (Peters A.H.F.M. at al. 

2001). In line with this, loss of Suv39h HTMases has been demonstrated to accelerate Ras 
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or myc driven tumorigenesis, caused by an impairment of oncogene induced senescence 

(Braig M. et al. 2005; Reimann M. et al. 2010). Moreover, Suv39h1 overexpression 

induces mitotic defects in human cancer cells and increases the immortalization of 

primary erythroblasts (Melcher M. et al. 2000; Czvitkovich S. et al. 2001). 

However the effect of elevated Suv39h1 expression on tumor suppression has not yet 

been studied in vivo. To address this point, we tested the impact of Suv39h1 

overexpression on pMEFs proliferation and oncogene-induced transformation. Primary 

fibroblasts derived from control and Suv39h1ΔStop embryos were transduced with 

retroviral expression vectors for E1A and H-ras and colony forming assays were 

performed. We found that transduced Suv39h1ΔStop pMEFs show a 50% reduction of 

colony forming potential compared to transduced control pMEFs (Figure 3.1.4.A-B). This 

result suggests that Suv39h1 antagonizes immortalization driven by the Ras and E1A 

pathways. In order to elucidate the mechanism that confers resistance of Suv39h1ΔStop 

pMEFs to oncogenic transformation, we analyzed the p53 tumor suppressor pathway. 

Importantly, we found a significant upregulation of p53 protein levels in Suv39h1ΔStop 

pMEFs (Figure 3.1.4C). In line with this, we also found transcriptional activation of pro-

apoptotic genes: Puma and Bax (Figure 3.1.4D).  

Together these data indicate that Suv39h1 overexpression increases tumor-surveillance by 

p53. Increased p53 activity improves resistance of primary MEFs to oncogenic 

transformation by E1A/H-ras. Importantly, loss of Suv39h1 was reported to result in 

impared oncogene induced senescence in N-Ras transgenic mice (Braig M. et al. 2005). 

Together, this underlines that increasing Suv39h1 activity improves tumor suppression. 
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Figure 3.1.4. Suv39h1 overexpression limits immortalization of primary MEFs. A. Colony forming assay of control and Suv39h1ΔStop 
transgenic pMEFs after retroviral transduction of H-ras and E1A. Representative images are shown. B. Suv39h1 overexpression results in 
reduced immortalization as indicated by limited colony formation potential. Color code indicates diameter of formed colonies (mm). C. 
Left panel: western blotting indicates elevated p53 protein levels in Suv39h1ΔStop pMEFs. Actin was used as a loading control. Right 
panel: quantification of western blotting results. D. Quantitative real-time PCR of p53 target genes Bax and Puma. Actin was used to 
normalize expression levels. N, number of independently prepared cell cultures analyzed; n, number of total numbers of experiments 
or replicas analyzed; standard deviations are indicated; statistical significance is indicated by p-values. 
 

 

3.1.5 Suv39h1 transgenic mice are resistant to skin carcinogenesis 

We performed colony forming assay using primary keratinocytes prepared from the back 

skin of Suv39h1ΔStop and control animals to reproduce pMEFs data. In the absence of 

oncogenic stress, Suv39h1ΔStop keratinocytes showed a significant 25% reduction in 

colony forming potential compared to control cells (Figure 3.1.5A-B). In vitro experiment 

indicated that increased Suv39h1 improves resistance to oncogenic transformation. To 

explore the tumor suppressive role of Suv39h1 in vivo, we subjected wild-type or 

Suv39h1ΔStop mice to a skin carcinogenesis protocol. After initial treatment of the back 

skin of experimental mice with the DNA damaging agent DMBA (7,12-

Dimethylbenz[α]anthracene), mice were treated with the mitogen TPA (12-O-

tetradecanoylphorbol-13-acetate) for a period of 15 weeks (Figure 3.1.5C). This treatment 
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results in the accumulation of oncogenic H-ras mutations that finally induce skin 

papillomas (Balmain A. et al. 1984). To follow tumor formation, the number and 

dimensions of developed skin papillomas were measured for 30 weeks after DMBA 

treatment. As expected, control mice efficiently developed papillomas during the course 

of the experiment (Figure 3.1.5D). In contrast, Suv39h1ΔStop mice show a dramatically 

reduced frequency of papilloma formation, suggesting that Suv39h1 overexpression 

confers resistance to DMBA/TPA induced carcinogenesis (Figure 3.1.5D).  These data 

indicate that ectopic Suv39h1 increases resistance to skin carcinogenesis in vivo. 

 

 
 
 
Figure 3.1.5. Suv39h1 overexpression confers resistence to skin carcinogenesis. A. Colony forming assays using primary mouse 
keratinocytes prepared from the back skin of control or Suv39h1ΔStop newborn mice. Representative images are shown. B. 
Suv39h1ΔStop keratinocytes display reduced colony forming potential. Color code indicates diameter of formed colonies (mm). C. 
Schematic representation of the DMBA/TPA skin carcinogenesis protocol. After an initial DMBA treatment, the back skin of 
experimental mice was treated twice per week with TPA for a total period of 15 weeks. Papilloma formation and size were monitored 
in weekly inspections. D. Papilloma formation in control and Suv39h1ΔStop mice during DMBA/TPA skin carcinogenesis. Papilloma 
formation is efficiently impaired in Suv39h1ΔStop mice. Color code indicates diameter of formed papillomas (mm). 
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Altogether, our results demonstrated that Suv39h1 HMTase is a negative regulator of 

telomere length and represents an interesting target modulating p53 tumor suppressor 

activity and improving resistance to oncogene induced transformation. 

 

 

3.2 Project 2: identification of novel TERRA interactors that control 

mammalian telomeres 

3.2.1 A RNA affinity assay to identify novel TERRA interacting proteins 

To obtain new insights into the biological function of TERRA, an in vitro RNA pull-down 

experiment was performed to identify novel TERRA interacting proteins. Nuclear extracts 

prepared from mouse embryonic stem cells (mESCs) were incubated with biotinylated 

TERRA oligos containing [UUAGGG]6 repeats (biotin-r-[UUAGGG]6) or with biotinylated 

negative control RNA oligos consisting a 36 nucleotide sequence of the EGFP cDNA 

(biotin-r[EGFP]) (Figure 3.2.1A). After incubation, protein complexes bound to biotin-

r[UUAGGG]6 or biotin-r[EGFP] were recovered using streptavidine beads, extensively 

washed, eluted and subjected to gel-electrophoresis (Figure 3.2.1A). Silver staining 

revealed that biotin-r[UUAGGG]6 and biotin-r[EGFP] are commonly bound by a series of 

proteins (Figure 3.2.1B). Importantly, biotin-r[UUAGGG]6 eluate shows a specific 

enrichment of 13 proteins, that were subsequently identified by mass spectrometry 

(Proteomics unit, Istituto Regina Elena IRE/IFO) (Figure 3.2.1B, bands labeled with *). In 

line with previous studies, these include TERRA interacting proteins: Fused in 

Sarcoma/TranSlocated in Liposarcoma (FUS/TSL) (Takahama K. et al. 2013) and a series of 

heterogeneous nuclear ribonucleoproteins (hnRNPs) (de Silanes I. L. et al. 2010), 

confirming the specificity of our approach. In addition to already reported TERRA 

interactors, we found that polypyrimidine tract-binding protein-associated splicing factor 

(PSF/SFPQ) and the nuclear RNA-binding protein 54 kDa (p54nrb in human, NONO in 

mouse) interact with TERRA (Figure 3.2.1B). We also found an enrichment of DAZAP1 

(DAZ associated protein 1), an RNA-binding protein involved in spermatogenesis that is 

not subject of this study (Hsu L.C.L. et al. 2008). Western blotting on eluates obtained 

from TERRA pull-down confirmed results from mass spectrometry analysis in mESCs 
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(Figure 3.2.1C) and human H1299 non-small cell lung carcinoma cells (Figure 3.2.1D). As 

expected actin was not detected in biotin-r[UUAGGG]6 or biotin-r[EGFP] eluates (Figure 

3.1C-D). We conclude that PSF and p54nrb are novel TERRA interacting proteins. 

 

 
 
Figure 3.2.1. PTB-associated splicing factor (PSF) and nuclear RNA-binding protein 54 kDa (p54nrb) interact with TERRA. A. RNA 
pull-down strategy. Nuclear extracts prepared from mESCs were incubated with biotinylated r[UUAGGG]6 or biotinylated r[EGFP] RNA 
oligonucleotides. Complexes were recovered using streptavidine beads, washed, eluted and subjected to SDS-PAGE followed by Silver 
staining and mass spectrometry analysis. B. Silver staining of SDS-PAGE gels after mono-dimensional electrophoresis of eluates 
obtained from RNA-pull down experiments using biotinylated r[UUAGGG]6, biotinylated r[EGFP] RNA oligonucleotides or empty 
beads. A nuclear extract (NE) was loaded. Candidate TERRA interacting proteins were identified by mass spectrometry. Pull-down 
experiments identify PSF and p54nrb as novel TERRA interacting protein. C-D.Western blotting of TERRA pull down eluates using 
specific anti-p54nrb and anti-PSF antibodies confirms binding specificity of p54nrb and PSF for UUAGGG RNA repeats in mESCs (C) 
and H1299 cells (D). FUS western blotting confirms specificity of pull-down. Actin was used as a loading control. E. Domain structure 
of PSF and p54nrb. RGG, RGG box; P, proline-rich domain including subdomain (P,Q); H, P, Q histidine/proline/glutamine-rich 
region, ; PRL, PR linker; NLS, nuclear-localization sequence. RRM1, RNA recognition motif 1; RRM2, RNA recognition motif 2; NOPS, 
NONA/ParaSpeckle domain (modified from Yarosh A. et al. 2015). F. p54nrb and PSF form a complex as demonstrated by anti-p54nrb 
and anti-PSF immunoprecipitation experiments. Control Immunoglobulins (IgG) were used.  
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3.2.2 PSF and p54nrb are multifunctional regulators of RNA/DNA 

PSF and p54nrb belong to the conserved family of Drosophila Behavior Human Splicing 

(DBHS) proteins, which also include PSPC1 (paraspeckle protein component 1) (Shav-Tal 

Y. and Zipori D. 2002; Bond C.S. and Fox A.H. 2009). Of notice, we did not detect PSPC1 

in eluates from TERRA RNA pull down experiments. DHBS proteins share a core domain 

arrangement consisting of two RNA-recognition motifs (RRMs), a conserved sequence 

known as NONA/ParaSpeckle (NOPS) domain and a coiled-coiled domain (Figure 

3.2.1E). The NOPS and RRM domains are important for the formation of homodimers and 

heterodimers among the DHBS proteins (Passon D.M. et al. 2012). Consequently, p54nrb 

and PSF often co-localize and co-purify together, as demonstrated by co-

immunoprecipitation (Figure 3.2.1F). DHBS proteins localize in the nucleoplasm and 

nucleolar caps as well as in paraspeckles (Fox A.H. and Lamond A.I. 2010). Paraspeckles 

are subnuclear bodies formed by the association of the NEAT1 (nuclear-enriched 

abundant transcript 1) long non coding RNA (lncRNA) with DBHS proteins (Bond C.S. and 

Fox A.H. 2009; Chen L.L. and Carmichael G.G. 2009). A major function of Paraspekles 

consists in gene regulation by nuclear retention of mRNAs, mechanism involved in many 

cellular processes such as stress responses, viral infection and circadian rhythm 

maintenance (Fox A.H. and Lamond A.I. 2010).  
Initial studies demonstrated a role for PSF and p54nrb in splicing or transcriptional 

regulation, respectively (Patton J.G. et al. 1991; Hallier M. et al. 1996; Basu A. et al. 

1997). However, subsequent studies have linked PSF and p54nrb with a wide range of 

cellular activities such as RNA metabolism, transcriptional regulation and DNA repair. 

 

3.2.2.1 PSF and p54nrb in RNA metabolism 

The first function attributed to PSF was pre-mRNA splicing (Patton J.G. et al. 1991; Patton 

J.G. et al. 1993). In vitro studies provided evidence that PSF has a role in the early 

spliceosome formation. Subsequent proteomic and biochemical studies demonstrated a 

role of PSF in the second catalytic step of splicing (exon joining) of some pre-mRNA 

substrates, thus suggesting a role of PSF as alternative splicing regulator (Jurica M.S. and 

Moore M.J. 2003; Ajuh P. et al. 2000; Gozani O. et al. 1994; Fu X.D. and Ares M. Jr. et al. 

2014). Accordingly, recent works demonstrated that PSF represses or promotes exon 
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inclusion in the final mRNA of some specific pre-mRNAs (Ray P. et al. 2011; Heyd F. and 

Lynch K.W. 2010; Kim K.K. et al. 2011; Cho S. et al. 2014). In addition to a direct 

regulation of the spliceosome, PSF may impact on splicing through its effect on 

transcription and 3’-end processing (Yarosh C.A. et al. 2015). In fact, PSF and p54nrb 

have been identified in a complex containing the U1A protein (distinct from the 

U1snRNP) important to couple splicing and polyadenylation at suboptimal 

polyadenylation sites (Liang S. and Luts C.S. 2006). Furthermore PSF/p54nrb recruits the 

exonuclease XRN2 to facilitate pre-mRNA 3’-end processing and transcription termination 

(Kaneko S. et al. 2007).  In addition to splicing and 3’-end processing, the PSF/p54nrb 

complex is involved in permitting nuclear retention of selected mRNAs in paraspeckles. 

The signal for nuclear retention is established by ADAR (Adenosine De-Aminase RNA-

specific), RNA-editing enzymes that catalyze the deamination of adenosines (A) to 

inosines (I) in the mRNAs to be retained. PSF/p54nrb complex has high affinity for 

hyperdited RNAs and retains these RNAs within paraspeckles, thus preventing their export 

to the cytoplasm (Zhang Z. and Carmichael G.G. 2001; Chen L.L. and Carmichael G.G. 

2009). In conclusion, PSF/p54nrb complex is able to regulate gene expression impacting 

at least on three coupled steps of RNA processing: splicing, 3’-end processing and nuclear 

export.  Interestingly, PSF and p54nrb are also implicated in DNA-mediated nuclear 

processes such as transcription and DNA repair. 

 

3.2.2.2 PSF and p54nrb in transcriptional regulation 

PSF and p54nrb have been demonstrated to act as transcriptional regulators. PSF/p54nrb 

stimulate transcription of ribosomal protein genes (RPL18) by binding a tandem sequence 

motif that functions as enhancer (Roepcke S. et al. 2011). In addition, PSF/p54nrb 

complex specifically binds to the RNA polymerase II (Pol II) C-terminal domain and 

enhance transcription by forming a bridge between Pol II transcription machinery and 

other splicing or polyadenylation factors (Emili A. et al. 2002). Interestingly, PSF has been 

demonstrated to act as negative regulator of transcription by imposing a repressive 

chromatin status to its target genes. For exemple, PSF is able to recruit histone 

deacetylases (HDACs) to DNA-bound nuclear hormone receptors or circadian rhythm-

controlling factors, often through the interaction with the HDAC-associated protein SIN3A 
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(Mathur M. et al. 2001; Dong X. et al. 2007; Duong H.A. et al. 2011). PSF can also 

directly interact with DNA to repress transcription of neighboring genes, as has been 

observed for IL-8. Interestingly, during viral infection NEAT1 induction relocates PSF from 

the IL8 promoter to the paraspeckles, leading to transcriptional activation of IL8 (Imamura 

K. et al. 2014). 

 

3.2.2.3 PSF and p54nrb in DNA repair 

Recent studies have highlighted the role of PSF and p54nrb in DNA damage response and 

repair. In particular PSF has been demonstrated to be mainly involved in homology-

directed repair (HDR), while p54nrb has functional relevance for non homologous end 

joining (NHEJ) (Yarosh C.A. et al. 2015). Evidences in vitro demonstrated that PSF alone 

binds to ssDNA and dsDNA to promote D-loop formation between ssDNA and dsDNA 

and shows DNA pairing activity of complementary ssDNAs (Akhmedov A.T. and Lopez 

B.S. 2000). In addition, PSF binds directly to DSBs through its N-terminal region (RGG 

domain and prolin-rich domain) (Ha K. et al. 2011; Morozumi Y. et al. 2009; Rajesh C. et 

al. 2011). The same region is also involved in the interaction with RAD51D, a member of 

RAD51 family that plays an integral role in preserving genomic stability by homologous 

recombination-directed repair (Rajesh C. et al 2011). Notably, PSF activates strand 

invasion and stimulates the repair activity of RAD51 complex, thus promoting HR 

(Akhmedov A.T. and Lopez B.S. 2000; Morozumi Y. et al. 2009). Consistent with this, 

deficiency of PSF leads to sister chromatid cohesion defects, chromosome instability and 

increased sensitivity to DNA damaging agents (Rajesh C. et al 2011).  

A role of p54nrb in NHEJ is supported by the finding that p54nrb co-immunoprecipitates 

with proteins involved in DSBs repair along the NHEJ pathway (Salton M. et al. 2010). The 

role of p54nrb in DNA damage response is supported by a NONO knockout mouse 

model (Li S. et al. 2014). Murine embryonic fibroblast (MEFs) derived from wild-type and 

knockout of NONO, the mouse homolog of p54nrb, show the same growth rates and cell 

cycle distribution in absence of genotoxic stress but show increased sensitivity to 

radiation. Remarkably, NONO knockout correlates with increased level of the DHBS 

protein family member PSPC1, that replaces the role of NONO in interacting with PSF. 

Cells depleted for both NONO and PSPC1 become markedly radiosensitive and show 
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delayed DNA DSB repair (Li S. et al. 2014). Along these lines of evidence, a very recent 

work demonstrates a role of p54nrb in triggering the intra-S-phase checkpoint in response 

to UV-induced DNA damage. In particular, depletion of p54nrb in HeLa cells reduces the 

chromatin loading of TOBP1 and prevents full activation of ATR upon UV-induced DNA 

damage. Despite DNA damage, p54nrb-depleted cells continue to synthesize DNA and 

fail to block new origin firing (Alfano L. et al. 2015). 

In conclusion, p54nrb and PSF are the example of how splicing and gene regulation 

factors can act as gatekeepers of genome integrity (Naro C. et al. 2015). 

 

3.2.3 p54nrb-TERRA interaction is mediated by PSF 

Given the interaction between p54nrb and PSF, we tested whether p54nrb or PSF is 

responsible for TERRA interaction. To address this point we performed RNA pull-down 

assays using p54nrb- or PSF-depleted H1299 cells. Western blotting analysis of pull-down 

eluates with specific antibodies for PSF and p54nrb was performed (Figure 3.2.2). As 

expected, biotin-r[UUAGGG]6 oligos are specifically bound by PSF and p54nrb in control 

cells. Importantly, PSF conserves its ability to bind biotinylated TERRA oligos also when 

p54nrb is depleted. Differently, p54nrb interaction with biotinylated TERRA oligo is 

impared in PSF-depleted H1299 cells. As expected, Lamin A/C was not detected in biotin-

r[UUAGGG]6 or biotin-r[EGFP] eluates. This result suggests that the interaction of p54nrb 

with the TERRA non-coding RNA is mediated by PSF. This data will be still validated by 

telomere ChIP. 

 

 
Figure 3.2.2. p54nrb-TERRA interaction is mediated by PSF. RNA pull down experiments were performed in H1299 cells transfected 
with the indicated siRNAs. Eluates obtained from RNA-pull down experiments using biotinylated r[UUAGGG]6, biotinylated r[EGFP] 
RNA oligonucleotides or empty beads were subjected to western blotting with antibodies against p54nrb and PSF. Representative image 
of two independent experiments. A nuclear extract (NE) was loaded for each condition. Lamin A/C was used as a loading control. L.E., 
low exposure; S.E., short exposure. 
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TERRA transcripts have been demonstrated to directly interact with telomeric chromatin 

(Schoeftner S. and Blasco M.A. 2008; Azzalin C.M. et al. 2007). Our novel TERRA 

interacting proteins are integrated into various cellular processes linked to RNA 

metabolism and DNA integrity. To validate whether p54nrb and PSF are candidate 

telomere regulators, we wished to localize them at telomeres. 

 

3.2.4 PSF and p54nrb localize to telomeres 

PSF and p54nrb have been demonstrated to localize in the nucleoplasm and in 

paraspeckles (Fox A.H. and Lamond A.I. 2010). Using U2-OS osteosarcoma cells, PSF and 

p54nrb exhibit a nuclear punctuated pattern as shown by confocal microscopy (Figure 

3.2.3A). Importantly, co-staining of p54nrb and PSF with the telomere binding proteins 

TRF2 or TRF1 revealed a telomeric localization of p54nrb and PSF. To obtain independent 

evidences for the enrichment of p54nrb and PSF at telomeres, we performed telomeric 

chromatin immunoprecipitation (ChIP) experiments using specific antibodies against 

p54nrb and PSF (Figure 3.2.3B). Mouse/rabbit immunoglobulins (IgG M, IgG R) and TRF2 

antibody have been used as negative and positive control, respectively. DNA was purified 

from immunoprecipitated chromatin, transferred to a nitrocellulose membrane and 

subjected to Southern blotting using a labelled telomere probe. Importantly, p54nrb and 

PSF bind to telomeric chromatin, thus supporting data from confocal microscopy. As 

expected, TRF2 and the TERRA interactor FUS are enriched at telomeric repeats. To 

increase evidence of telomeric localization of p54nrb and PSF, we also performed anti-

p54nrb co-immunoprecipitation experiment (Figure 3.2.3C). We found that p54nrb co-

immunoprecipitates with PSF as well as with TRF2 telomere binding protein. Together 

these results provide evidence for the binding of p54nrb and PSF to telomeres.  
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Figure 3.2.3. PSF and p54nrb localize to telomeres. A. p54nrb and PSF colocalize with TRF2 and TRF1, respectively, as show by 
representative images of confocal microscopy analysis. B. p54nrb and PSF interact with telomeric chromatin as determined by 
telomeric ChIP. Telomeric repeats binding of TRF2 and FUS was used as positive control. Control immunoglobulins mouse (IgG M) and 
rabbit (IgG R) were used. Serial dilutions of chromatin extract (input) prepared from U2-OS cells were loaded. Representative image of 
two independent experiments is shown. C. PSF/p54nrb complex interacts with TRF2 as shown by anti-p54nrb immunoprecipitation 
experiment. Control Immunoglobulins (IgG) were used. 

 

3.2.5 PSF and p54nrb suppress TERRA accumulation at telomeres 

Given the role of p54nrb and PSF RNA binding proteins as multifunctional regulators of 

RNA metabolism, we performed p54nrb and PSF loss of function experiments to address 

whether p54nrb and PSF impact on TERRA expression levels or TERRA abundance at 

telomeres. TERRA RNA-FISH experiments in U2-OS cells revealed that RNAi-mediated 

p54nrb and PSF depletion results in an increased number of focal TERRA signals per 
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nucleus (Figure 3.2.4A-C). Transfected cells were divided into five categories based on the 

number of TERRA foci (Figure 3.2.4B). At the chosen exposure time, the majority of 

control cells show 0-3 TERRA foci per nucleus. Conversely, most of p54nrb-depleted cells 

and PSF-depleted cells show a number of TERRA foci between 4 and 7 or 8 and 11, 

respectively (Figure 3.2.4B). Consistent with this, the fraction of cells with more than 3 

TERRA foci per nucleus is significantly increased in cells depleted of p54nrb or PSF 

(Figure 3.2.4C). Remarkably, the observed accumulation of TERRA in nuclei of p54nrb- 

and PSF-depleted cells is not the result of increased total TERRA levels as demonstrated by 

northern blot and by quantitative real time PCR (qRT-PCR) using primers that amplify 

subtelomeric portions of TERRA transcripts arising from chromosomes 1, 21 or 

chromosomes 2, 10, 13 (Figure 3.2.4D-E). These results suggest that PSF and p54nrb have 

not impact on TERRA expression levels, but rather prevent TERRA accumulation at 

telomeres in U2-OS cells.  

 

Figure 3.2.4.  p54nrb and PSF regulate association of TERRA with telomeric chromatin. A. U2-OS cells were transfected with p54nrb 
or PSF specific siRNAs, and TERRA RNA-FISH experiments were performed to detect chromatin-associated TERRA. Representative 
images are shown. B. Classification of transfected cells according to the number of TERRA foci. C. Depletion of p54nrb or PSF 
significantly increases the percentage of cells with more than 3 TERRA foci per nucleus. D. Classical TERRA northern blotting of RNA 
extracts prepared from p54nrb or PSF siRNA transfected cells. Representative image of two independent experiments. p54nrb or PSF 
knock-down does not alter TERRA expression or TERRA size distribution. GAPDH probe was used as loading control. E. p54nrb or PSF 
knock-down does not alter TERRA transcription. Levels of TERRA transcripts arising from chromosomes 1, 21 or chromosomes 2, 10, 13 
were quantified using qRT-pcr. TERRA expression levels were normalized against histone 3 (H3) levels. Means (bars) and SDs (error 
bars) are reported. N=number of independent experiments. n= number of analyzed nuclei. A student t-test was used to calculate 
statistical significance; p-values are shown. 
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3.2.6 Loss of PSF/p54nrb causes DNA damage at transcribed telomeres 

Several studies have demonstrated that PSF and p54nrb are important to activate DNA 

damage response and to mediate DNA repair processes. In addition, alterations of TERRA 

abundance at telomeres has been linked to telomere dysfunction and DNA damage 

response at telomeres (de Silanes L.I. et al. 2014; Porro A. et al. 2014). To test whether 

TERRA accumulation induced by PSF and p54nrb depletion in U2-OS cells is linked to 

DNA damage response activation, we combined TERRA RNA-FISH with antibody staining 

for the DNA damage marker γH2AX (Figure 3.2.5A-B). Interestingly, we found that 

p54nrb- and PSF-depleted cells show an increased percentage of TERRA foci that co-

localize with γH2AX compared to control cells (Figure 3.2.5B). Telomere damage was 

verified by anti-γH2AX immuno-telomere DNA FISH at metaphase chromosomes of 

H1299 cells depleted for p54nrb or PSF (Figure 3.2.5C-D). Together these experiments 

show that p54nrb and PSF suppress TERRA accumulation and prevent DNA damage 

response activation at telomeres. To check whether accumulation of dysfunctional 

telomeres in cells depleted for p54nrb and PSF fueled a global DNA damage response 

activation, we performed western blotting to analyze major markers of the DNA damage 

checkpoints (Figure 3.2.5E-F). Treatment with replication inhibitor hydroxyurea (HU) was 

used as positive control of DNA damage response activation. We found that depletion of 

p54nrb and PSF induces phosphorylation of the histone variant γH2AX and increases 

global p53 levels in U2-OS cells (Figure 3.2.5F). However, we didn’t observe significant 

changes of γH2AX levels in H1299 cells (p53 null) (Figure 3.2.5 E). Interestingly, we found 

a slight induction of ATR in both H1299 and U2-OS cell lines depleted for PSF (Figure 

3.2.5E-F). Remarkably, phosphorylated ATM appears to be not affected by p54nrb and 

PSF RNAi. In conclusion, western blot experiments show that depletion of p54nrb or PSF 

induces a modest global DNA damage response activation. This suggests that in normal 

conditions p54nrb and PSF prevent DNA damage activation in some specific genomic loci 

that include telomeres.  
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Figure 3.2.5. p54nrb and PSF prevent DNA damage activation at telomeres. A. U2-OS cells were transfected with p54nrb or PSF 
specific siRNAs and TERRA RNA-FISH combined with anti-γH2AX staining was performed. Representative images are shown. B. 
Depletion of p54nrb or PSF significantly increases the percentage of TERRA foci that colocalize with γH2AX per nucleus. n=number of 
analyzed nuclei. Means (bars) and SDs (error bars) are reported. A student t-test was used to calculate statistical significance; p-values 
are shown. C. H1299 cells were transfected with p54nrb or PSF specific siRNAs, blocked in metaphase using colcemide (1ug/ml, 2h) 
and then collected. Metaphase spreads were prepared by cytospin centrifugation. Staining with anti-γH2AX combined with telomeric 
DNA FISH was performed. Representative images are shown. D.  Knock-down of p54nrb or PSF increased the percentage of 
dysfunctional telomeres. Each dot represents the percentage of dysfunctional telomeres (telomeres that co-localize with γH2AX) of one 
metaphase. Metaphases from three independent experiments were analyzed. At least 1000 chromosome ends were analyzed for each 
condition. Red bars indicate means. N= number of analyzed metaphases. p-values were computed using the Student’s t-test. Nuclear 
extracts of H1299 (E) and U2-OS cells (F) depleted for p54nrb or PSF were analyzed by western blotting. Classical markers of DNA 
damage response activation were analyzed. Representative images are shown. Cells treated for 6 h with 5 mM hydroxyurea (HU) were 
used as controls for DNA damage response activation; histone 3 (H3) was used as loading control.  
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3.2.7 PSF and p54nrb prevent telomeric replicative stress 

ATR responds to different types of DNA damage including DSBs and replication stress 

(Cimprich K.A. et al. 2008). In particular, ATR is activated by the presence of single-

stranded DNA (ssDNA) coated by replication protein A (RPA), a situation that is often 

generated at stalled replication forks (Zhou B.B. and Elledge S.J. 2000; Jazayeri A. et al. 

2006).  

In order to explain the mechanism by which p54nrb and PSF depletion leads to 

dysfunctional telomeres, we hypothesized that aberrant accumulation of TERRA 

transcripts at telomeres induced by depletion of p54nrb or PSF might interfere with the 

progression of DNA replication machinery, thus inducing replication stress. To validate 

this hypothesis, we performed TERRA RNA-FISH combined with immunofluorescence for 

RPA32 phosphorylated at Serine 33 (RPA32pSer33), which can be used as a marker for 

replication stress (Figure 3.2.6A-B). Importantly, we found that the percentage of TERRA 

foci that co-localize with RPA32pSer33 strongly increases upon p54nrb and PSF silencing 

(Figure 3.2.6B). This suggests the existence of DNA replication stress at telomeres. To 

independently validate this result, we performed co-immunofluorescence experiments 

(co-IF) using TRF2 antibody combined with RPA32pSer33 (Figure 3.2.6C-D). As expected, 

HU treatment of U2-OS cells leads to a vast accumulation of RPA32pSer33 in foci 

dispersed across the entire nucleus (Figure 3.2.6C). In line with RNA-FISH data, we found 

that depletion of p54nrb and PSF correlates with increased RPA32pSer33 recruitment at 

telomere (Figure 3.2.6D). Together these results show that PSF and p54nrb prevent 

replication stress at telomeres. 
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Figure 3.2.6. p54nrb and PSF prevents replicative stress at telomeres. A. U2-OS cells were transfected with p54nrb or PSF specific 
siRNAs and TERRA RNA-FISH combined with anti-RPA32pSer33 staining was performed. Representative images are shown. B. 
Depletion of p54nrb or PSF significantly increases the percentage of TERRA foci that colocalize with RPA32pSer33 per nucleus. C. 
Immunofluorescence with anti-TRF2 and anti-RPA32pSer33 antibodies was performed in U2-OS cells depleted for p54nrb or PSF.  
Representative images are shown. D. Depletion of p54nrb or PSF significantly increases the number of TRF2-RPA32pSer33 co-
localizations per nucleus. Cells treated for 6 h with 5 mM hydroxyurea (HU) were used as controls for RPA32pSer33 activation. 
N=number of independent experiments; n=number of analyzed nuclei. Means (bars) and SDs (error bars) are reported. A student t-test 
was used to calculate statistical significance; p-values are shown. 

 

!
!
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3.2.8 PSF and p54nrb suppress formation of telomeric RNA:DNA hybrids 

TERRA transcripts might interfere with proper DNA replication by prolonged base-pairing 

with their template DNA (the telomeric C-strand). Such telomeric RNA:DNA hybrids 

structures have been demonstrated in human cancer cells (Arora R. et al. 2014). In these 

structures, the non-template strand (G-strand) remains unpaired and exposed as ssDNA 

loop. TERRA base-pairing with its template (C-strand) is particularly favoured by the high 

content of G-C base pairs and by the propensity of G-rich telomeric strand to form 

secondary structures (G4-quadruplexes) (Figure 3.2.7C). To test whether p54nrb and PSF 

can mediate R-loops accumulation by RNA:DNA hybrids formation, we took advantage of 

an antibody that recognizes RNA:DNA hybrids sequence (S9.6) (Figure 3.2.7C). Anti-S9.6 

immunofluorescence staining combined with TRF1 antibody allowed to detect increased 

numbers of telomeric RNA:DNA hybrids in U2-OS cells depleted for PSF compared to 

control cells (Figure 3.2.7A-B). This effect was reproduced by knockdown of RNaseH1 

that eliminates stretches of RNA from RNA:DNA hybrids (Figure 3.2.7B). We also 

observed an increase of telomeric RNA:DNA hybrids in p54nrb-depleted cells. However 

this increase does not result statistically significant. Further experiments in conditions of 

p54nrb stable knockdown will address this point. Loss of telomere/hybrid co-localizations 

upon knockdown of TRF1 validates the specificity of co-localization events (Figure 

3.2.7A).  

To have further evidence of the role of PSF and p54nrb in suppressing RNA:DNA hybrid 

formation, we used over-expression of RNAseH1 to rescue RPA32pSer33 loading at 

telomeres in U2-OS cells depleted for both p54nrb and PSF (Figure 3.2.7D-E). Depletion 

of PSF/p54nrb increased the number of co-localizations between RPA32Ser33 and TRF2 

shelterin component compared to control cells, indicative for R-loop formation (Figure 

3.2.7E). Importantly, over-expression of mCherry-RH1 in U2-OS depleted for both PSF 

and p54nrb reduced the loading of RPA32pSer33 at telomeres (Figure 3.2.7E). This 

confirms that PSF and p54nrb suppress telomeric RNA:DNA hybrids formation that 

promote the generation of R-loops.  
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Figure 3.2.7. p54nrb and PSF suppress formation of telomeric RNA:DNA hybrids. A. U2-OS cells were transfected with p54nrb, PSF 
and RNase H1 specific siRNAs and immunofluoresce experiments with anti-TRF1 and anti-RNA:DNA hybrids (S9.6) antibodies were 
performed. TRF1 siRNA was used as control of TRF1 antibody specificity. Representative images are shown. B. Depletion of p54nrb or 
PSF increases the number of RNA:DNA hybrids that co-localize with TRF1. Similar effect is induced by knockdown of RNase H1 that 
eliminates stretches of RNA from RNA:DNA hybrids. N= number of independent experiments; n=number of analyzed nuclei. Means 
(bars) and SDs (error bars) are reported. A student t-test was used to calculate statistical significance; p-values are shown. C. Schematic 
model of the impact caused by loss of p54nrb and PSF at telomeres. TERRA transcript remains annealed with its template DNA (C-
strand) forming an RNA:DNA hybrid structure. The non-template strand (G-strand) remains unpaired and exposed as ssDNA. These 
structures are named R-loops and are particularly favoured by G-rich telomeric strand formation of secondary structures (G4-
quadruplexes). R-loops are demonstrated to be a barrier for DNA replication machinery progression, thus causing stalling of replication 
forks. This situation leads to the increase of free single stranded telomeric DNA bound by RPA32pSer33 produced at stalled replication 
fork, but also by the exposition of the G-strand telomere that remains unpaired. RNaseH1 digests the RNA part of the RNA:DNA 
hybrids, thus favouring the re-annealing of telomeric dsDNA. S9.6 antibody recognizes RNA:DNA hybrids structures. DNA pol, DNA 
polymerase; RNA pol II, RNA polymerase II. D. Ectopic expression of mCherry-RNase H1 in U2-OS cells depleted of both p54nrb and 
PSF decreases RPA32pSer33 loading at telomeres as shown by confocal microscopy analysis. Representative images are shown. E. 
mCherry-RNase H1 decreased the number of colocalization between TRF2 and RPA32pSer33; n=number of analyzed nuclei. Means 
(bars) and SDs (error bars) are reported. A student t-test was used to calculate statistical significance; p-values are shown. 
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3.2.9 PSF and p54nrb regulate telomere fragility in ALT cells 

RNA:DNA hybrids and R-loop structures act as a great barrier to DNA replication fork 

progression and persistent replication stress can cause collapse of replication forks and 

consequent DSBs leading to chromosomal fragility (Gan W. et al. 2011; Aguilera A. and 

Garcia-Muse T. 2012). In addition, the stretch of exposed ssDNA of R-loops structures is 

unstable and more susceptible to transcription associated mutagenesis (TAM), 

recombination (TAR) and DSBs (Muers M. 2011; Wimberly H et al. 2013; Skourti-Stathaki 

K. et al. 2014). 

Importantly, replication is particularly challenged at telomeres due to the heterochromatic 

structure, TERRA transcription and the propensity of G-rich sequences to form secondary 

structures (G-quadruplexes) (Blasco M.A. and Martinez P. 2015). 

Consistent with this, proteins involved in preventing formation of RNA:DNA structures at 

telomeres could antagonize telomere fragility. In support of this, overexpression of RNase 

H1 reduced telomere fragility of ALT positive cells (Arora R. et al. 2014).  

To address whether altered R-loops levels at telomeres induced by depletion of p54nrb or 

PSF correlates with telomere fragility, we performed Chromosome Orientation Fluorescent 

in Situ Hybridization (CO-FISH) analysis in p54nrb and PSF loss and gain of function 

experiments.  CO-FISH technique uses two differencially labelled telomeric probes to 

specifically detect lagging strand telomere (TTAGGG)n or leading strand telomere 

(CCCTAA)n (Figure 3.2.8A-B). Fragile telomeres are visualized as multimeric telomere 

signals as shown in Figure 3.2.8C.  
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Figure 3.2.8. Chromosome-Orientation FISH (CO-FISH). A. Cells blocked in metaphase are collected after culture in BrdU 
(bromodeoxyuridine) for a single cell cycle. Fixed cells on microscope slides are stained with the DNA-binding fluorescent dye Hoechst 
33258. Exposure to UV light nicks the substituted strand, and exonuclease III digests it. The process efficiently removes the newly 
synthesized DNA strand and leaves the two parental strands. The TTAGGG single-stranded probe hybridizes to complementary C-rich 
telomeric strand (leading strand telomere) on one chromatid of each chromosome arm producing a two-signal pattern. Reciprocally, the 
CCCTAA single-stranded probe hybridizes to G-rich telomeric strand (lagging strand telomere) (modified from Bailey S.M. et al. 2004). 
B. Representative image of CO-FISH on metaphase chromosomes and of normal telomere phenotype. C. CO-FISH detects strand 
specific telomere fragility. Fragile telomeres are visualized as multimeric telomere signals. D. CO-FISH detects events of T-SCE. 

 

We found that depletion of p54nrb in U2-OS cells significantly increases lagging strand 

telomere fragility without affecting the leading strand (Figure 3.2.9A). In constrast, PSF 

knockdown strongly reduces basal fragility of the telomeric lagging strand telomere and 

does not impact on leading strand fragility (Figure 3.2.9C). In line with loss of function 

experiments, stable over-expression of p54nrb protects U2-OS cells from telomeric 

lagging strand fragility without any significant change in leading strand fragility (Figure 

3.2.9E).  Differently, stable over-expression of PSF in U2-OS cells does not have a 

significant impact on telomere fragility of neither the lagging or the leading strand (Figure 

3.2.9G).  Western blotting experiments confirmed p54nrb or PSF silencing/overexpression 

efficiency (Figure 3.2.9B, D, F, H).  

Interestingly, only the G-rich lagging strand telomere that is also prone to form G-

quadruplex secondary structures shows fragility in the absence of p54nrb. This is in line 

with the exposition of the G-rich strand in R-loop structures. Surprisingly, PSF acts in an 

opposite direction and appears to block a biological mechanism that resolves telomere 

fragility of lagging strand.  
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Figure 3.2.9. p54nrb and PSF regulate telomere fragility in U2-OS cells. A. Cells were transfected with p54nrb or control siRNAs and 
after 72 hours CO-FISH analysis was performed. Left panel shows frequency of lagging strand (G-strand) fragility; right panel shows 
frequency of leading strand (C-strand) fragility. B. Silencing efficiency is shown by western blotting. C. Cells were transfected with PSF 
or control siRNAs and after 72 hours CO-FISH analysis was performed. Left panel shows frequency of lagging strand (G-strand) fragility; 
right panel shows frequency of leading strand (C-strand) fragility. D. Silencing efficiency is shown by western blotting. E. CO-FISH 
analysis was performed in cells that stably overexpress FLAG-p54nrb or the empty vector, generated by retroviral transduction and 
cultured with antibiotic selection. Left panel shows frequency of lagging strand (G-strand) fragility; right panel shows frequency of 
leading strand (C-strand) fragility. F. FLAG-p54nrb overexpression is shown by western blot. G. CO-FISH analysis was performed in 
cells that stably overexpress MYC-PSF or the empty vector, generated by transfection and cultured with antibiotic selection. Left panel 
shows frequency of lagging strand (G-strand) fragility; right panel shows frequency of leading strand (C-strand) fragility. F. MYC-PSF 
overexpression is shown by western blot. Each dot represents the fraction of fragile telomeres per number of chromosomes in one 
metaphase. Metaphases from three independent experiments were analyzed. At least 1000 chromosome ends were analyzed for each 
condition. Bars indicate means. N= number of analyzed metaphases. P-values were computed using the Student’s t-test. 
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3.2.10 PSF and p54nrb regulate telomere fragility in telomerase positive cells 

To further validate the role of PSF and p54rnb in telomere homeostasis, we performed 

CO-FISH analysis in telomerase-positive H1299 cell line. We found that depletion of 

p54nrb increases telomere fragility from both telomeric strands (Figure 3.2.10A). In line 

with data from U2-OS cells we show that PSF depletion reduces fragility of lagging strand 

telomere without affecting leading strand (Figure 3.2.10C). In line with loss of function 

experiment, H1299 cells that stably overexpress p54nrb show decreased levels of global 

telomere fragility (Figure 3.2.10E). Again, stable PSF over-expression in H1299 has no 

impact on telomere fragility (Figure 3.2.10G). Western blotting experiments confirmed 

p54nrb or PSF silencing/overexpression efficiency (Figure 3.2.10B, D, F, H). We conclude 

that CO-FISH analysis of telomerase positive H1299 cells globally recapitulates data of 

ALT cells except for the p54nrb impact on the fragility of both lagging and leading strand 

telomere. Importantly, CO-FISH analysis in U2-OS and H1299 cells indicates a general 

relevance of p54nrb and PSF in controlling telomere structure and function in both ALT 

and telomerase positive cancer cells. 



Results 

! ! !88 

 

Figure 3.2.10. p54nrb and PSF regulate telomere telomere fragility in H1299 cells. A. Cells were transfected with p54nrb or control 
siRNAs and after 72 hours CO-FISH analysis was performed. Left panel shows frequency of lagging strand (G-strand) fragility; right 
panel shows frequency of leading strand (C-strand) fragility. B. Silencing efficiency is shown by western blotting. C. Cells were 
transfected with PSF or control siRNAs and after 72 hours CO-FISH analysis was performed. Left panel shows frequency of lagging 
strand (G-strand) fragility; right panel shows frequency of leading strand (C-strand) fragility. D. Silencing efficiency is shown by western 
blotting. E. CO-FISH analysis was performed in cells that stably overexpress FLAG-p54nrb or the empty vector, generated by retroviral 
transduction and cultured with antibiotic selection. Left panel shows frequency of lagging strand (G-strand) fragility; right panel shows 
frequency of leading strand (C-strand) fragility. F. FLAG-p54nrb overexpression is shown by western blot. G. CO-FISH analysis was 
performed in cells that stably overexpress MYC-PSF or the empty vector, generated by transfection and cultured with antibiotic 
selection. Left panel shows frequency of lagging strand (G-strand) fragility; right panel shows frequency of leading strand (C-strand) 
fragility. F. MYC-PSF overexpression is shown by western blot. Each dot represents the fraction of fragile telomeres per number of 
chromosomes in one metaphase. Metaphases from three independent experiments were analyzed. At least 1000 chromosome ends 
were analyzed for each condition. Bars indicate means. N= number of analyzed metaphases. p-values were computed using the 
Student’s t-test. 
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3.2.11 PSF suppresses homologous recombination at telomeres  

In addition to chromosome fragility, R-loops structures are prone to homologous 

recombination (HR) (Aguilera A. and Garcia-Muse T. 2012). In particular, telomeric 

hybrids have been demonstrated to sustain telomeric homologous recombination and 

synthesis of new telomeric DNA in ALT positive cells (Arora R. et al. 2014). Antagonizing 

with RNA:DNA hybrids formation by RNase H1 overexpression leads to diminished 

telomeric replication stress and reduced loading of phosphorylated RPA, impaired 

telomeric HR and consequent telomere shortening in ALT cells (Arora R. et al. 2014). To 

test whether telomeric R-loops accumulation induced by depletion of PSF and p54nrb 

stimulates homologous recombination at telomeres, we performed CO-FISH analysis in 

U2-OS and H1299 cells depleted for p54nrb or PSF. A merged signal (yellow) of the two 

telomeric probes used for CO-FISH indicates that a recombination event occurred 

between telomeric sister chromatids (Telomeric sister chromatid exchange or T-SCE) 

(Figure 3.2.8D). We found that depletion of p54nrb does not change T-SCE frequency in 

U2-OS and H1299 cells (Figure 3.2.11A,D). In contrast PSF depletion induces a ten-fold 

increase of T-SCE frequency in both U2-OS and H1299 cell lines (Figure 3.2.11B,E). 

Representative images of metaphase spreads of si-control and si-PSF conditions are shown 

in Figure 3.2.11C. These results demonstrate that PSF has a critical relevance in 

suppressing homologous recombination at telomeres.  

In order to explain how loss of PSF reduces telomere fragility, we hypothesized that PSF 

depletion triggers T-SCE at fragile telomeres present at basal levels in normal conditions. 

To test this idea, we explored weather the combined depletion of PSF/p54nrb creates 

highly recombinogenic telomeres. We performed CO-FISH analysis using U2-OS cells 

depleted for p54nrb or p54nrb and PSF. As expected, increased overall fragility caused by 

p54nrb siRNA is rescued by PSF depletion (Figure 3.2.11F). Importantly, we found that 

combined p54nrb/PSF depletion induces a 60-fold increase of T-SCE frequency (Figure 

3.2.11G). This suggests that loss of PSF unleashes homologous recombination at 

telomeres, thereby promoting the repair of fragile telomeres caused by si-p54nrb.  

In conclusion, CO-FISH experiments demonstrate that p54nrb suppresses telomeric 

fragility and that PSF acts as a powerful suppressor of homologous recombination at 

telomeres. 
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Figure 3.2.11 PSF/p54nrb complex suppresses homologous recombination at telomeres. CO-FISH analysis was performed in cells 
transfected with p54nrb or PSF siRNAs (A-E). A. Depletion of p54nrb does not significantly impact on T-SCE frequency in U2-OS cells. 
B. Knock-down of PSF induces a ten-fold increase of T-SCE frequency in U2-OS cells. C. Representative images of metaphase spreads; 
normal telomeres in si-control condition and recombinant telomeres in si-PSF cells are shown. D. Depletion of p54nrb does not 
significantly impact on T-SCE frequency in H1299 cells. E. Knock-down of PSF induces a ten-fold increase of T-SCE frequency in 
H1299 cells. CO-FISH analysis was performed in U2-OS cells depleted for p54nrb or p54nrb and PSF (F-G). F. Increased fragility 
caused by p54nrb siRNA is rescued by PSF depletion. Each dot represents the fraction of fragile telomeres per number of chromosomes 
in one metaphase. Metaphases from three independent experiments were analyzed. At least 1000 chromosome ends were analyzed for 
each condition. Red bars indicate means. G. Combined p54nrb/PSF depletion induces a 60-fold increase of T-SCE frequency. T-SCE 
frequency was measured as the percentage of T-SCE events per number of chromosome ends in one metaphase. Average of T-SCE 
frequency of metaphases from three independent experiments is represented. At least 1000 chromosome ends were analyzed for each 
condition. N= number of analyzed metaphases. SE (error bars) is reported. p-values were computed using the Student’s t-test. 
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3.2.12 PSF suppresses telomeric recombination in ALT-associated promyelocytic 

leukaemia bodies 

Increased levels of recombination at telomeres are reported to be one of the features of 

ALT cells (Londono-Vallejo J.A. et al. 2004). In these cells, homologous recombination is 

reported to take place the ALT-associated promyelocytic leukaemia bodies (APBs) (Cesare 

A.J. and Reddel R.R. 2010). To test whether depletion of PSF releasing homologous 

recombination at telomeres could increase the number of APBs in ALT cell, we performed 

co-staining with PML and TRF2 antibodies in U2-OS cells depleted of PSF or of both 

p54nrb and PSF (Figure 3.2.12A). In line with increased T-SCE frequency, loss of PSF or of 

PSF/p54nrb correlates with an increased number of co-localizations of TRF2 with PML 

(Number of APBs per nucleus) (Figure 3.2.12B). Together with CO-FISH results, this 

indicates that PSF impacts on two distinct features of ALT cells: T-SCE frequency and 

number of APBs. We further found that both, single depletion of PSF and combined 

PSF/p54nrb knockdown results in increased RAD51 loading at telomeres, indicative for 

increased abundance of recombinogenic DNA substrates (Figure 3.2.12C-D). In addition 

to homologous recombination factors, APBs also host DNA helicases (WRN and BLM) and 

topoisomerases (Topoisomerases IIα and IIIα) that contribute to formation/resolution of 

recombinational intermediates (Nabetani A. and Ishikawa F. 2010; Chung I. et al. 2012). 

As expected, depletion of PSF or both p54nrb and PSF induces a stronger recruitment of 

TopIIα into the APBs when compared to control cells (Figure 3.2.12E-F). Together these 

data suggest that PSF is important to suppress homologous recombination of telomeric 

DNA in ALT-associated promyelocytic leukaemia body (APBs). 
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Figure 3.2.12. PSF/p54nrb complex suppresses recombination processes in ALT-associated promyelocytic leukaemia body (APBs). 
U2-OS cells were transfected with PSF or p54nrb and PSF specific siRNAs and immunofluorescence experiments were performed. A. 
Representative images of TRF2-PML co-staining. B. Knock-down of PSF or PSF and p54nrb significantly increases the number of co-
localizations between TRF2 and PML (number of APBs per nucleus). N=number of independent experiments; n=number of analyzed 
nuclei. C. Representative images of TRF2-RAD51 co-staining. D. Knock-down of PSF or PSF and p54nrb significantly increases the 
loading of RAD51 at telomeres. N=number of independent experiments; n=number of analyzed nuclei. E. Representative images of 
PML-TopIIα co-staining. F. Depletion of PSF or PSF and p54nrb significantly increases the number of co-localizations between TopIIα 
and PML; n=number of analyzed nuclei. Means (bars) and SDs (error bars) are reported. A student t-test was used to calculate statistical 
significance; p-values are shown. 
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3.2.13 Loss of PSF and p54nrb impacts on telomere length of human cancer cells 

Our data demonstrated that loss of p54nrb and PSF is associated with telomeric hybrids-

induced replicative stress and consequent telomere fragility and recombination. To 

evaluate whether alteration of telomere stability induced by depletion of p54nrb and PSF 

has an impact on telomere length homeostasis, we performed telomere Q-FISH analysis to 

measure telomere length in U2-OS and H1299 cells depleted for p54nrb or PSF.  

We found that depletion of p54nrb and PSF correlates with increased telomere length in 

ALT cells (U2-OS) (Figure 3.2.13A). Importantly, depletion of both p54nrb and PSF has an 

additive effect, resulting in a further increase of telomere length (Figure 3.2.13A). These 

results were reproduced when telomeric signals were divided into three categories based 

on telomeric fluorescence intensity.  The category “A” indicates low telomere signals 

while “B” and “C” indicate medium and high signal, respectively. As expected we found 

increased number of high intensity telomere signals in si-p54nrb, si-PSF and si-p54nrb/si-

PSF transfected cells compared to control cells (Figure 3.2.13A, right panel).! 
Q-FISH analysis in H1299 cells revealed that depletion of p54nrb results in a slight 

increase of telomere length and increased number of high intensity telomere signals 

(Figure 3.2.13B). In contrast PSF-depleted H1299 cells show a rapid and dramatic loss of 

telomeric repeats only three days post transfection that correlates with an increased 

proportion of short telomeres (Figure 3.2.12B, right panel). This suggests that increased T-

SCE frequency induced by PSF depletion has a different outcome in ALT cells compared 

to telomerase-positive cells. In H1299 telomerase-positive cells that are not competent for 

recombination-dependent telomere elongation, increased T-SCE frequency induced by 

PSF-depletion leads to telomere repeats loss. In contrast telomerase negative ALT cells 

used increased abundance of recombinogenic sequences to elongate telomeres by 

homologous recombination. 
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Figure 3.2.13. p54nrb and PSF regulate telomere length in human cancer cells. A. U2-OS cells were transfected with p54nrb, PSF or 
p54nrb and PSF siRNAs. After 72 hours, telomere length measurements were performed by quantitative telomere DNA FISH on 
interphase cells. Representative images are shown (left panel). Telomere fluorescence intensity analyzed for each telomere (central 
panel). Individual telomere signal intensities were categorized in three subgroups (right panel). B. H1299 cells were transfected with 
p54nrb or PSF siRNAs. After 72 hours, telomere length measurements were performed by quantitative telomere DNA FISH on 
interphase cells. Representative images are shown (left panel). Telomere fluorescence intensity analyzed for each telomere (central 
panel). Individual telomere signal intensities were categorized in three subgroups (right panel). p-values and SDs are indicated. 
N=number of independent experiments; n= total signals analyzed; 40 nuclei for each condition were analyzed. Arbitrary fluorescence 
units (a.f.u.). 
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3.2.14 Working model 

Our work identified PSF and p54nrb as two novel TERRA interacting proteins and 

explored their role in telomere regulation. Given their interaction, we propose that p54nrb 

and PSF may work in the same complex at chromosome ends. 

In particular, we propose that PSF/p54nrb complex interacting with telomeric chromatin 

and binding to TERRA transcripts, prevent accumulation of TERRA-telomere hybrids 

structures and consequent formation of unstable ssDNA or DNA breaks that can trigger 

recombination at telomeres (Figure 3.2.14A). In this way, PSF and p54nrb contribute to 

the maintenance of telomere stability. 

Loss of PSF and p54nrb leads to the accumulation of TERRA-telomere hybrid structures 

and consequent displacement of the non-template strand (G-strand) that remains unpaired 

and exposed as ssDNA bound by RPA32pSer33 (Figure 3.2.14B). Formation of these 

structures (R-loops) is particularly favoured by formation of secondary structures (G4-

quadruplexes) on G-rich telomeric strand. Telomeric R-loops induced by loss of p54nrb  

and PSF might be a source of fragility by two mechanisms. The exposed ssDNA of R-loop 

is unstable and prone to DNA lesions. In addition, R-loops form a barrier to DNA 

replication machinery progression, thus causing stalling of replication forks and 

consequent DNA breaks. In both cases, ssDNA lesions and DNA breaks might fuel 

recombination processes at telomeres mediated by RAD51. Uncontrolled telomere 

recombination leads to the loss of telomere length control and genomic instability that 

favour telomere elongation in ALT cells, but compromise telomere length in telomerase 

positive cancer cells (Figure 3.2.14B). 
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Figure 3.2.14 Working model. A. In normal conditions PSF and p54nrb interact with telomeric chromatin and bind to nascent TERRA 
transcript, thus allowing proper TERRA displacement from the template strand (C-strand telomere). In this way, PSF/p54nrb complex 
prevents stalling of DNA replication forks and consequent fragility as well as the formation of exposed ssDNA or DNA breaks that can 
trigger recombination processes at telomeres. B. Loss of PSF and p54nrb leads to formation of TERRA-RNA: telomeric-DNA hybrids 
structures and consequent displacement of the non-template strand (G-strand) that remains unpaired and exposed as ssDNA bound by 
RPA32pSer33. These structures named R-loops are particularly favoured by the propensity of G-rich telomeric strand to form secondary 
structures (G4-quadruplexes). The exposed ssDNA of R-loop is unstable and prone to DNA lesions. In addition, R-loops form a barrier 
to DNA replication machinery progression, thus causing stalling of replication forks and consequent DNA breaks. ssDNA lesions and 
DNA breaks might fuel recombination processes at telomeres mediated by RAD51. DNA pol, DNA polymerase; RNA pol II, RNA 
polymeraseII.
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4. Discussion 

Telomeres are specialized structures located at the physical ends of eukaryotic 

chromosomes that ensure genome integrity. Dynamic changes in telomere length and 

structure play key roles in replicative aging, genome stability and cancer. Critical telomere 

shortening or telomere dysfunction leads to the activation of DNA damage response at 

telomeres with subsequent activation of DNA damage repair driving increased genomic 

instability. In addition to classic telomere regulators such as the shelterin complex or 

telomerase, chromatin structure is critically involved in the regulation of telomere 

homeostasis.  

Costitutive heterochromatin structure is a common feature of telomeric repeats from yeast 

to man and acts as negative regulator of telomere length and telomeric recombination 

(Blasco M.A. 2007). Although telomeres consist of constitutive heterochromatin, RNA 

polymerase II was found to transcribe telomeric repeats giving rise to a long non-coding 

RNA, called TERRA (telomeric repeat-containing RNA) (Azzalin C.M. et al. 2007; 

Schoeftner S. and Blasco M.A. 2008). TERRA has been demonstrated to integrate various 

pathways of telomere homeostasis including telomere length regulation, replication, 

recombination and the DNA damage response (Azzalin C.M. and Ligner J. 2014; 

Cusanelli E. and Chartrand P. 2015). Providing an assembly platform for a variety of 

proteins, TERRA may sustain additional pathways of telomere regulation.  

My work aimed to give new insights into the epigenetic regulation of telomeres by 

exploring the role of the histone methyltransferase Suv39h1 on telomere homeostasis and 

carcinogenesis in vivo and by identifying novel TERRA interactors that impact on telomere 

function.  

 

4.1 Project 1: altered telomere homeostasis and resistance to skin 

carcinogenesis in Suv39h1 transgenic mice 

Suv39h1 and Suv39h2 are H3K9 specific histone methyltransferases (HTMases) that play a 

central role in the establishment of constitutive heterochromatin at pericentromeric and 

telomeric repeats (Rea S. et al. 2000; Lachner M. et al. 2001; Fodor B.D. et al. 2010). 

Importantly, Suv39h1 has been demonstrated to have an important role in gene silencing 
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and establishment of senescence in primary cells mediated by Retinoblastoma protein 1 

(Rb1) (Nielsen S.J. et al. 2001). Interestingly, Suv39h1 also mediates oncogene-induced 

senescence in premalignant tumors (Narita M. et al. 2003; Braig M. et al. 2005; Reimann 

M. et al. 2010).  

Lack of Suv39h1 and Suv39h2 in mice results in genomic instability and loss of telomeric 

heterochromatin leading to abnormal telomere elongation (Peters A.H. et al. 2001; 

García-Cao M. et al. 2004). In this study, we used a transgenic mouse model system to 

investigate the impact of Suv39h1 overexpression in telomere regulation, transformation 

and chemical carcinogenesis. 

Deletion of the transcriptional stop cassette in Suv39h1ΔStop mice results in ectopic 

Suv39h1 expression. In line with this, primary MEFs derived from Suv39h1ΔStop embryos 

show increased global H3K9me3 levels as determined by western blotting. Consistent 

with pMEF data, we found that ectopic expression of Suv39h1 impacts on 

heterochromatin formation in vivo, as demonstrated by increased H3K9me3 levels in the 

nuclei of skin cells (tail sections) of Suv39h1ΔStop transgenic mice. Interestingly, elevated 

H3K9me3 levels are not paralleled by increased levels of nuclear HP1γ and HP1β, but by 

altered HP1β localization. This is in line with a previous study that showed that altered 

expression of Suv39h1 result in modulation of heterochromatic subdomains including the 

re-localization of HP1 proteins (Melcher M. et al. 2000; Czitkovich S. et al. 2001). 

Suv39h1 overexpression does not impact on HP1γ staining pattern. 

We then investigated whether increased global H3K9me3 levels correlate with increased 

heterochromatin compaction specifically at telomeric and major satellite repeats. We 

observed increase in H3K9me3 at telomeric and pericentric regions without any effect on 

the abundance of HP1γ or H4K20me3. This is in line with the unaffected levels of global 

HP1γ. Our data suggest that the moderate increase of H3K9me3 in Suv39h1 transgenic 

mice is not sufficient to increase the recruitment of HP1 proteins to constitutive 

heterochromatin. 

Several studies demonstrated that telomeric heterochromatin acts as potent regulator of 

telomere length in vertebrates (García-Cao M. et al. 2004; Benetti R. et al. 2007). In 

particular, in the absence of both HTMases Suv39h1 and Suv39h2 (Suv39h DN), lack of 

H3K9me3 at telomeres and subtelomeres drives recombination between telomeric sister 

chromatids and leads to strong telomere elongation (García-Cao M. et al. 2004; Benetti R. 

et al. 2007). Consistent with results from Suv39h DN pMEFs and mESCs, we found that 
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increased global and telomeric H3K9me3 levels drive telomere shortening in pMEFs 

derived from Suv39h1ΔStop embryos. This demonstrates that a modest increase of 

H3K9me3 abundance at telomeres is sufficient to impact on telomere length. Our results 

in line with previous studies confirmed that telomeric chromatin has a major role in the 

regulation of telomere length in vertebrates. This intimately connects telomere chromatin 

structure with human aging and cancer (Blasco M.A. 2007).  

In addition to the role in the establishment of constitutive heterochromatin, Suv39h1 is 

recruited by Retinoblastoma protein 1 (Rb1) to impose repressive H3K9 methylation at the 

promoters of E2F target genes, thereby contributing to cellular senescence (Nielsen S.J. et 

al. 2001). The link between Suv39h1 and cellular senescence was further supported by 

the role of Suv39h1 in the establishment of foci enriched for H3K9me3 and HP1 in the 

periphery of senescent but not quiescent cells (Narita M. et al. 2003). Cellular senescence 

represents a crucial barrier to oncogene-mediated transformation in premalignant tumors 

(Serrano M. et al. 1997; Campisi J. et al. 2001). Recent studies identified H3K9me3-

mediated senescence as a Suv39h1-dependent tumor suppressor mechanism in response 

to oncogenic stress induced by Ras (Braig M. et al. 2005). In particular, H3K9me3-

mediated senescence has been demonstrated to be an efficient mechanism to abolish Ras-

induced lymphomagenesis in vivo (Braig M. et al. 2005). In line with this, an independent 

work demonstrated that genetic inactivation of Suv39h1 accelerates Myc-driven 

lymphomagenesis, confirming the central role of Suv39h HMTases in oncogene-induced 

senescence (Reimann M. et al. 2010). Importantly, Suv39h1 overexpression has been 

reported to impair growth potential of cancer cells and to increase p53 expression 

(Melcher M. et al. 2000; Czitkovich S. et al. 2001). In our study, we found that ectopic 

Suv39h1 confers increased resistance to oncogenic stress conditions. Western blotting 

revealed that oncogene transduced Suv39h1ΔStop pMEFs show an activation of the p53 

tumor suppressor pathway. In particular, we demonstrated that pMEFs obtained from 

Suv39h1ΔStop embryos show elevated p53 levels and upregulation of Puma and Bax 

transcriptional levels. PUMA is a critical mediator of p53-dependent apoptosis that acts on 

the Bcl-2 family members such as Bax by relieving apoptosis inhibition, thus increasing 

tumor suppression (Yu J. et al. 2008). 

Increased tumor surveillance activity mediated by elevated basal p53 levels in 

Suv39h1ΔStop pMEFs provides an interesting model to explain the increased resistance of 
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Suv39h1ΔStop pMEFs to oncogenic transformation by E1A/H-ras. This is in line with 

previous studies that demonstrate that Ras-induced senescence is accompanied by 

accumulation of p53 and that loss of Suv39h1 or p53 impairs oncogene induced 

senescence, thus accelerating tumorigenesis (Serrano M. et al. 1997; Braig M. et al. 2005; 

Reimann M. et al. 2010).  

After providing in vitro evidence of the tumor suppressive role of Suv39h1 in E1A/H-ras 

transduced Suv39h1ΔStop, we explore its role in vivo. Importantly, we found that 

Suv39h1ΔStop transgenic animals display a remarkable resistance to DMBA/TPA 

mediated skin carcinogenesis, a process that involves the acquisition of oncogenic H-ras 

mutations and consequent development of skin papillomas (Balmain A. et al. 1984). We 

propose that increased resistence to chemical carcinogenesis of Suv39h1ΔStop transgenic 

animals can be explained by increased tumor surveillance mediated by p53 pathway, as 

observed in Suv39h1ΔStop pMEFs. This is in line with the reported loss of oncogene 

induced senescence in the absence of p53 or Suv39h1 (Serrano M. et al. 1997; Braig M. et 

al. 2005; Reimann M. et al. 2010). In addition, this model is supported by the fact that a 

modest increase in p53 protein levels in Super-p53 mice is sufficient to mediate increased 

resistance to fibrosarcomas induced by exposure to 3MC (3-methyl-cholanthrene)(García-

Cao I. et al. 2002). 

In line with the role of telomeric heterochromatin in the regulation of telomere length, our 

transgenic mouse model demonstrates that Suv39h1 acts as a negative regulator of 

telomere length. Importantly, our study demonstrates that Suv39h1 modulates p53 

tumorsuppressor activity and improves resistance to oncogene-induced transformation. 

Together this makes Suv39h1 an interesting target for future cancer therapeutic 

approaches. 

 

4.2 Project 2: PSF/p54nrb complex safeguards telomere stability by 

preventing TERRA-telomere hybrids 

Long non-coding RNAs (lncRNAs) have been demonstrated to play a central role in 

controlling genome function by diverse mechanisms. LncRNAs impact on chromatin 

structure through the recruitment of chromatin remodeling factors, regulating protein 
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activity and acting as a scaffold to target enzymatic activities to their sites of action (Morris 

K.V. et al. 2014). The telomeric repeat containing non-coding RNA (TERRA) performs all 

these activities at telomeres, thus regulating telomere homeostasis in a very dynamic 

manner.  

In particular, associating with telomeric heterochromatin TERRA is able to target accessory 

factors to chromosome ends via RNA-protein interactions. In addition to shelterin factors 

(TRF1, TRF2) and telomeric heterochromatin components such as H3K9me3, Suv39h1, 

HP1α or HP1β, TERRA has been demonstrated to interact with the origin replication 

complex (ORC), the heterogeneous ribonucleoproteins (hnRNPs), the histone demethylase 

LSD1 and Fused in Sarcoma (FUS) (Deng Z. et al. 2009; Arnoult N. et al. 2012; Porro A. et 

al. 2014; de Silanes I.L. et al. 2010; Takahama K. et al. 2013; Sheibe M. et al. 2013). 

However, TERRA-interacting proteome might include multiple other factors. Identifying 

novel TERRA interactors is important to extend our insight into TERRA function and 

telomere regulation. 

Using a TERRA RNA-affinity approach followed by mass spectrometry, we identified two 

novel TERRA interacting proteins: the polypyrimidine tract-binding protein-associated 

splicing factor (PSF) and the nuclear RNA-binding protein 54 kDa (p54nrb). PSF and 

p54nrb are members of the Drosophila Behavior Human Splicing (DBHS) family proteins 

and can form heterodimers (Shav-Tal Y. and Zipori D. 2002; Bond C.S. and Fox A.H. 

2009; Passon D.M. et al. 2012). Initially identified as factors involved in splicing and 

transcription regulation, to date PSF and p54nrb have been demonstrated to act as a 

multifunctional regulator complex of RNA and DNA metabolism, including an important 

role in DNA damage response and repair (Patton J.G et al. 1991; Hallier M. et al. 1996; 

Basu A. et al. 1997; Salton M. et al. 2010; Rajesh C. et al. 2011; Li S. et al. 2014; Alfano 

L. et al. 2015; Yarosh C.A. et al. 2015).  

In cultured human cells prolonged reduction of PSF expression leads to apoptosis (Heyd F. 

and Lynch K.W. 2010; Melton A.A. et al. 2007). Differently, murine embryonic fibroblast 

(MEFs) derived from NONO knockout mice show the same growth rates and cell cycle 

distribution compared to MEF derived from wild-type mice (Li S. et al. 2014). However, a 

very recent study showed that loss of p54nrb results in reduced cell proliferation (Alfano 

L. et al. 2015). p54nrb-silenced HeLa cells fail to trigger the intra-S-phase checkpoint in 

response to UV-induced DNA damage (Alfano L. et al. 2015). In particular, depletion of 

p54nrb in HeLa cells reduces the chromatin loading of TOBP1 and prevents full activation 
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of ATR. Despite DNA damage, p54nrb-depleted cells continue to synthesize DNA and fail 

to block new origin firing (Alfano L. et al. 2015). Importantly p54nrb silencing affects cell 

response to UV radiations also in a melanoma cell line. Very recently, a role of p54nrb in 

breast cancer has been demonstrated. p54nrb protein is highly expressed in breast cancer 

tissues as compared with the adjacent normal tissues in human patients. In addition, 

p54nrb is required for breast cancer cell grow in vitro and regulates SREBP-1A, thus 

impacting on lipid metabolism of breast cancer cells (Zhu Z. et al. 2015). 

Mutation in PSF gene or gene fusion between PSF and other proteins have been linked 

with neurological diseases and cancer. PSF is included in a group of genes predicted to 

have differential alternative splicing (DAS) in Autism spectrum disorders (Stamova B.S. et 

al. 2013). In addition, PSF shows an altered nucleo-cytoplasmic distribution under 

neurodegenerative conditions. In particular, nuclear depletion and cytoplasmic 

accumulation of PSF is mediated by Tau in Alzheimer’s and Pick’s disease (Ke Y.D. et al. 

2012). Importantly, commonly altered genomic regions in acute myeloid leukemia (AML) 

are enriched for somatic mutations in genes involved in chromatin remodeling and 

splicing that include PSF (Dolnik A. et al. 2012). Fusion of PSF with transcription factor E3 

(TFE3) in papillary renal cell carcinoma inactivates TFE3 and p53 through cystoplasmic 

sequestration (Mathur M. et al. 2003). In addition, the translocation that causes the fusion 

between the proto-oncogene ABL1 and PSF is frequent in acute lymphoblastic leukemias 

(Duhoux F.P. et al. 2012). 

Mutations in p54nrb have been recently linked to human disease. Loss of p54nrb function 

has been linked with human intellectual disability that correlates with macrocephaly, 

distinctive facial features, a thick corpus callosum and a small cerebellum. In line with 

this, NONO-deficient mice show flattened nose, a smaller cerebellum, cognitive and 

behavioral deficits. On the molecular level, NONO deficiency was shown to correlate 

with defects in the regulation of synaptic transcription regulation that ultimately result in 

structural defects of inhibitory synapse (Mircsof D. et al. 2015).  

Together this underlines the functional relevance of PSF and p54nrb in regulating gene 

expression in human development and disease.  

 

We found that the PSF/p54nrb complex associates with TERRA via PSF. In support of this, 

depletion of PSF abolishes TERRA-RNA affinity for p54nrb. TERRA is a nuclear RNA that 
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can localize in the nucleoplasm (polyA+ TERRA) or associate with telomeres (polyA- 

TERRA) (Porro A. et al. 2010). To test whether our complex interacts with telomere-bound 

TERRA, we localized PSF and p54nrb at telomeres. Importantly, we found that PSF and 

p54nrb associate with telomeric heterochromatin as determined by ChIP and co-

immunoprecipitate with the shelterin component TRF2. Telomeric localization of PSF and 

p54nrb offered the first evidence that they are candidate telomere regulators. 

TERRA transcription is controlled by subtelomeric promoters. DNA methyl-transferases 

DNMT1 and DNMT3b, Suv39h HTMases and HP1α repress TERRA transcription 

(Nergadze S.G. et al. 2009; Arnoult N. et al. 2012). Conversely, the chromatin organizing 

factor CTCF and the cohesin Rad21 (radiation-sensitive 21) are reported to act as positive 

regulators of TERRA transcription in a particular subset of TERRA promoters (Deng Z. et al. 

2012). However, TERRA is also regulated on the post-transcriptional level via regulation of 

TERRA-telomere hybrids and TERRA association with telomeres (Rippe K. and Luke B. 

2015). Post-transcriptional regulation of TERRA at telomeres is mediated by members of 

the nonsense-mediated RNA decay (NMD) such as the RNA/DNA helicase and ATPase 

UPF1 and the RNA endonuclease SMG6 and by factors involved in R-loop metabolism 

such as the RNase H1 (Azzalin C.M. et al. 2007; Arora R. et al. 2014). Importantly, 

depletion of p54nrb and PSF induced a substantial increase in the number of TERRA foci 

per nucleus. Northern blotting and quantitative RT-PCR exclude that the observed 

accumulation of TERRA in the nuclei of p54nrb or PSF-depleted cells is the result of 

substantially increased steady state TERRA levels. Together this indicates a role of PSF and 

p54nrb in regulating TERRA at chromosome ends rather than TERRA metabolism. 

Alterations of TERRA abundance at telomeres has been linked to telomere dysfunction and 

DNA damage response at telomeres (de Silanes L.I. et al. 2014; Porro A. et al. 2014). In 

addition, deficiency of p54nrb and PSF correlates with increased sensitivity to DNA-

damaging agents and NONO-deficient MEFs show delayed DNA DSB repair (Rajesh C. et 

al. 2011; Li S. et al. 2014). Our results show that p54nrb and PSF are important to prevent 

DNA damage response activation at telomeres in U2-OS and H1299 human cancer lines. 

This underlines a general role of PSF and p54nrb in telomere protection of telomerase-

negative ALT cells (U2-OS) and telomerase-positive (H1299) cancer cells. In particular, 

we found that depletion of p54nrb and PSF leads to an increase localization of DNA 
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damage marker γH2AX with nuclear TERRA foci and increased frequency of dysfunctional 

telomeres at metaphase chromosomes. Importantly, formation of γH2AX foci is a very 

early step in DNA damage activation and NONO-deficiency has been demonstrated to 

have not effect on this step (Li S. et al. 2014). Notably, telomere dysfunction induced by 

p54nrb or PSF depletion doesn’t fuel a massive DNA damage response activation at a 

global level. We observed a modest ATR checkpoint activation in PSF-depleted 

H1299/U2-OS cells. The absence of ATR induction in p54nrb-depleted cells is in line 

with inefficient ATR DNA damage signalling in p54nrb-depleted HeLa cells (Alfano L. et 

al. 2015). Thus it is is likely that p54nrb or PSF depletion might impair subsequent steps in 

the DNA damage cascade thus preventing full activation of DNA damage checkpoints at a 

global level.  

Summarizing, our results indicate that p54nrb and PSF prevent DNA damage activation at 

telomeres, thus indicating a role in stabilizing telomere function. 

  

Telomere dysfunction has been reported to be the consequence of critical telomere 

shortening, loss of shelterin components or defective telomere replication (Palm W. and 

de Lange T. 2008; Martínez P. et al. 2009; Zimmermann M. et al. 2014). ATR activation in 

PSF knockdown cells suggests the formation of single-stranded DNA (ssDNA) ruptures at 

telomeres. ATR is activated by the presence of single-stranded DNA (ssDNA) coated by 

replication protein A (RPA) often generated at stalled replication forks that are susceptible 

to DNA breaks (Zhou B.B. and Elledge S.J. 2000; Jazayeri A. et al. 2006). We 

hypothesized that aberrant accumulation of TERRA transcripts at telomeres might impede 

progression of DNA replication fork resulting in ssDNA damage. This was confirmed by 

increased phosphorylated RPA32, marker of replicative stress at telomere in p54nrb- and 

PSF-depleted cells. Increased number of co-localizations of TERRA foci with 

phosphorylated RPA32 in U2-OS cells depleted for p54nrb and PSF suggest that 

replicative stress is associated with accumulation of TERRA at telomeres.  

In addition to torsional stress generated in the DNA by concomitant replication and 

transcription, replicative stress is caused by the formation of R-loops (Helmirich A. et al. 

2011). R-loops are structures triggered by RNA:DNA hybrid resulting in the displacement 

of the non-template strand. RNA:DNA hybrids are prone to be formed in genomic regions 
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with negative supercoiling and high G-content (Roy D. and Lieber M.R. 2009). In 

addition, the presence of nicks or G-quadruplexes in the displaced ssDNA favours R-loop 

formation (Duquette M.L. et al. 2004; Roy D. et al. 2010). The existence of telomeric R-

loops have been demonstrated in both yeast and human cells (Balk B. et al. 2013; Pfeiffer 

V. et al. 2013; Arora R. et al. 2014). Importantly, we demonstrate that depletion of PSF 

and p54nrb increases accumulation of TERRA-telomere hybrids in U2-OS cells. 

Importantly, overexpression of RNAse H1 strongly reduces RPA32pSer33 loading at 

telomeres in U2-OS cells depleted for both p54nrb and PSF. This demonstrates that 

telomeric replicative stress induced by depletion of p54nrb and PSF is mediated by 

TERRA-telomere hybrids formation.  

Mechanisms that control RNA:DNA hybrids formation regulate R-loops abundance. These 

include factors involved in RNA biogenesis and metabolism such as THO complex, the 

splicing factor SRSF1 and exoribonucleases exosome component 3 and 10 (EXOSC3 and 

EXOSC10) as well as DNA-RNA helicases such as senataxin (SETX) and topoisomerase 1 

(TOP1) that resolve the negative supercoiling behind RNA pol II progression (Tuduri S. et 

al. 2009; Gomez-Gonzalez B. et al. 2011; Santos-Pereira J. M. and Aguilera A. 2015). In 

addition, resolution of R-loops is mediated by degradation activity of RNase H1 (Wahba L. 

et al. 2011). The mechanism by which p54nrb and PSF impinge on RNA:DNA hybrid 

management is currently under investigation. 

 

Telomeric TTAGGG repeats are susceptible to DNA replication stress. In fact, DNA 

replication at telomeres is particularly challenged by the heterochromatic structure, 

TERRA transcription and G-quadruplexes formed by the G-rich telomere strand (Blasco 

M.A. and Martinez P. 2015). Importantly, telomeres have evolved complex mechanisms 

that involve shelterin and telomere-associated proteins to prevent telomeric fragility. 

R-loops are a source of genomic instability and chromosome fragility by different 

mechanisms. The displaced single strand DNA of R-loops structures can act as a substrate 

to DNA-damaging agents, deaminases (activation-induced cytidine deaminase) and repair 

enzymes (base excision repair), leading to DNA lesions and nicks (Yu K. et al. 2003). In 

addition, R-loops can interfere with DNA replication by blocking the progression of 

replication forks, thus generating DNA lesions and DSBs (Gan W. et al. 2011; Aguilera A. 

and Garcia-Muse T. 2012; Skourti-Stathaki K. et al. 2014). 

Importantly, telomeric RNA:DNA hybrids causing replicative stress at telomeres impacts 
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on telomere fragility as demonstrated by the fact that overexpression of RNase H1 was 

shown to reduce telomere fragility of ALT positive cells (Arora R. et al. 2014).  

CO-FISH analysis in U2-OS and H1299 cells revealed that p54nrb and PSF have an 

opposite role in telomere fragility regulation. In fact, depletion of p54nrb significantly 

increases telomere fragility, while depletion of PSF induces telomere stabilization. 

Remarkably, our CO-FISH experiments in U2-OS cells highlight that the impact of PSF 

and p54nrb on telomere fragility is limited to the lagging strand telomere that represents 

the displaced unpaired DNA strand in telomeric R-loop structures. Recent works showed 

that factors involved in RNA:DNA hybrids resolution at telomeres such as the RNaseH1 or 

proteins that displace TERRA from telomeric chromatin such as UPF1, stabilize the 

telomeric leading strand (Arora R. et al. 2014; Chawla R. et al. 2011). In contrast, our data 

show that p54nrb overexpression or PSF depletion stabilizes the telomeric lagging strand. 

We consequently propose that p54nrb and PSF have a role in stabilizing the looped G-

rich telomeric strand. This function could prevent the formation of G-quadruplex 

structures thereby limiting replication stress caused by R-loops. However, this function 

remains to be validated in future experiments. 

 

DNA lesions formed on the ssDNA of the R-loop or DNA breaks generated by replication 

fork collisions with the transcription bubble could induce homologous recombination-

directed repair mechanisms (Aguilera A. and Garcia-Muse T. 2012). In line with this, 

telomeric hybrids have been demonstrated to sustain telomeric homologous 

recombination and synthesis of new telomeric DNA in ALT positive cells (Arora R. et al. 

2014). 

Consistent with this, PSF depletion results a ten-fold increase of telomeric sister chromatid 

exchange (T-SCE) frequency in both U2-OS and H1299 cell lines, thus indicating that PSF 

acts as an important suppressor of homologous recombination at telomeres. Although 

p54nrb protects from fragility, depletion of p54nrb does not increase telomere 

recombination frequency. Importantly, combined depletion of p54nrb and PSF in U2-OS 

cells rescues telomere fragility observed in cells exclusively depleted of p54nrb. This 

effect is paralleled by a massive increase (60-fold) of T-SCE frequency. We hypothesize 

that depletion of PSF unleashes homologous recombination machinery at telomere and 

allows the repair of fragile telomeres, thus inducing telomere stabilization.  

Taken together, our results demonstrated that together p54nrb and PSF suppress fragility 
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and aberrant recombination caused by DNA breaks generated at R-loops.  

 

Increased levels of T-SCE is a classical feature of ALT cells (Londono-Vallejo J.A. et al. 

2004). In these cells, telomeric DNA and associated binding proteins are found in a subset 

of promyelocytic leukaemia nuclear bodies (PML bodies) defined as ALT-associated PML 

bodies (APBs) (Yeager T.R. et al. 1999). Additional HR proteins such as RAD51, RAD52, 

RPA, NBS1, SLX4, BLM, MRN, BRCA1, BRIT1 are enriched in APBs and are required for 

telomere maintenance in ALT cells. Therefore, ALT activity is thought to take place in 

these nuclear domains (Cesare A.J. and Reddel R.R. 2010). Accordingly, in conditions in 

which ALT activity is inhibited, the number of APB-positive cells often decreases and is 

paralleled by decreased T-SCE frequency (Perrem K. et al. 2001; Jiang W.Q. et al. 2005; 

Fynn R.L. et al. 2015). In addition, the homologous recombination-associated MRN 

complex is required for APB formation (Wu G. et al. 2000; Jiang W.Q. et al. 2007). 

Consistent with these reports, we demonstrated that increased T-SCE frequency in U2-OS 

induced by single depletion of PSF or combined depletion of p54nrb and PSF cells is 

paralleled by an increased number of nuclear APBs and increased RAD51 loading at 

telomeres. Together these data indicate that loss of the PSF/p54nrb complex impacts on 

distinct features of ALT cells: T-SCE frequency, number of APBs and recruitment of 

homologous recombination factors.  

In addition to telomeric DNA and homologous recombination factors, APBs also host 

DNA helicases such as Werner and Bloom (WRN and BLM) and topoisomerases 

(Topoisomerases IIα and IIIα) that contribute to resolution of recombinational 

intermediates as well as DNA damage and repair factors (RPA, γH2AX, ATR) (Wang J.C. et 

al. 1990; Nabetani A. and Ishikawa F. 2010; Chung I. et al. 2012; Flynn R.L. et al. 2015). 

The amount of Topoisomerase IIα and IIβ at telomeres is negatively regulated by TRF2 and 

Apollo to relive topological stress during telomere replication (Jing Y. et al. 2010). 

Consistent with this, Topoisomerase IIα depletion correlates with telomere fragility at both 

telomeric strands, thus suggesting that Topo IIα is important to resolve DNA replication 

intermediates at telomeres (d’Alcontres M.S. et al. 2014). Importantly, in human ALT 

positive cells, topoisomerase IIα and IIβ knockdown decreases APBs number, increases 

telomere dysfunction-induced foci (TIFs) and triggers telomere shortening (Meng-Hsun H. 

et al. 2015). This highlights that topoisomerase II is involved in the ALT pathway, 

contributing to maintenance of ALT cell proliferation.  
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Consistent with the involvement of Topoisomerase IIα in ALT pathway, our results 

demonstrate that knockdown of PSF or both PSF and p54nrb induces a stronger 

recruitment of TopIIα into the APBs. Thus we propose that accumulation of TERRA-

telomere hybrids, increased replication stress and enhanced homologous recombination 

activity induced by depletion of PSF or both PSF and p54nrb may recruit increased levels 

of topoisomerases in order to resolve homologous recombination structures in APBs.  

 

Telomeric hybrids have been demonstrated to allow telomere length maintenance in ALT 

positive cells by promoting telomeric homologous recombination (Arora R. et al. 2014; Yu 

T.Y. et al. 2014). In line with this, our Q-FISH results demonstrate that depletion of p54nrb 

or PSF increases telomere length in U2-OS cells. Increased telomere length induced by 

PSF depletion appears as a direct consequence of increased ALT activity. Differently, 

increased telomere length induced by depletion of p54nrb is not paralleled by increased 

T-SCE frequency. However, the additive effect on T-SCE frequency increase induced by 

combined depletion of p54nrb and PSF suggest that depletion of p54nrb impact on 

telomeric recombination. Telomere elongation in si-p54nrb condition might be mediated 

by intrastrand recombination mechanisms in which telomeric sequences could copy 

themselves looping out or looping back on themselves (Pickett H.A. and Reddel R.R. 

2015). However, this remains to be demonstrated. 

Taken together these data suggest that PSF/p54nrb complex is important to regulate ALT 

activity and telomere length, thus preventing telomere instability in telomerase–negative 

U2-OS cells.  

Our telomere length analysis in H1299 cells demonstrates that p54nrb and PSF also have 

a role in telomere length regulation of telomerase-positive cells. In particular, si-p54nrb 

mediated slight telomere length changes can be considered not biologically relevant. 

Remarkably, telomere length analysis in H1299 cells depleted for PSF shows a rapid and 

dramatic loss of telomeric repeats three days post transfection. This suggests that aberrant 

telomeric recombination induced by PSF depletion has a dramatic outcome in non ALT-

competent H1299 cells. We propose that telomeric R-loops initiate homologous 

recombination at telomeres in H1299, however recombination intermediates cannot be 

resolved, finally leading to telomere breakage.  

 

In conclusion, our work identified a new TERRA interacting complex composed by 
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p54nrb and PSF that acts as novel regulator of telomere homeostasis. Importantly, we 

demonstrated that the PSF/p54nrb complex is essential to suppress TERRA-telomere 

hybrids formation thereby preventing telomere fragility (via p54nrb) and telomere 

recombination (via PSF). This represents a new molecular mechanism that is essential to 

safeguard telomere stability in human cancer cells. 

Telomere maintenance and genomic instability represent two hallmarks of cancer. 

Importantly, our data demonstrate that the PSF/p54nrb complex strongly impacts on 

telomere length homeostasis, fragility and recombination, thus ensuring telomere stability. 

Genomic instability induced by replication stress is considered an early step in cancer 

formation (Gailard H. et al. 2015). High levels of p54nrb and PSF might protect cells from 

telomeric replication stress, fragility and uncontrolled recombination, thus promoting 

cancer cell proliferation, allowing tumor progression.  In contrast, low levels of p54nrb 

and PSF may increase cell sentitivity to replication stress and DNA damaging agents. In 

this scenario, tumor cells with low p54nrb and PSF might be more susceptible to 

inhibitors of DNA synthesis, including PCNA (proliferating cell nuclear antigen) and BLM 

(Bloom helicase) inhibitors or G-quadruplexes stabilizer agents (Punchihewa C. et al. 

2012; Nguyen G.H. et al. 2013; Zimmer J. et al. 2016). 

Interestingly, our complex acquires a great importance in the context of ALT tumors where 

telomere length maintenance depends on the activation of telomere recombination. ALT 

telomeres require a balance of pro- and anti-recombinogenic signals. In fact, inhibition of 

recombination would lead to loss of telomere sequence and block of cell proliferation. 

Alternatively, shifting the equilibrium towards recombination could lead to further 

genomic instability due to the excessive accumulation of recombination intermediates and 

cell lethality. Importantly our work demonstrates that PSF/p54nrb complex influences 

recombination balance of ALT cells via the regulation of TERRA-telomere hybrids. New 

mechanistic insights into the regulation of ALT activity by p54nrb/PSF may highlight 

vulnerabilities of ALT cells in order to develop therapeutic strategies. Given that ALT 

activity is prevalent in cancers arising from mesenchymal tissues such as bone, soft tissues 

and neuroendocrine systems (Dilley R.L. et al. 2015), we suggest that PSF/p54nrb may 

have an important role in these defined tumor types. 
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