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Telomeres are essential in preventing the recognition of chromosome ends by the 

DNA damage response (DDR), thereby permitting the maintenance of linear 

chromosomes. Extrachromosomal telomeric circles are important players in 

telomere maintenance, but little is known about their origin. We developed a new 

procedure for the purification of mammalian telomeric repeats in order to study 

telomere structures by Electron Microscopy (EM).  Using this approach, we detected 

the expected telomeric features (i.e. t-loops) but we also found accumulation of 

internal loops (i-loops) at telomeric repeats that occur in the proximity of nicks and 

single-stranded DNA gaps. We showed that i-loops are induced by single-stranded 

damage at normal telomeres and represent the majority of the telomeric structures 

that accumulate in ALT (Alternative Lengthening of Telomeres) tumor cells, which 

are characterized by DNA damage accumulation at telomeric repeats. We also 

demonstrated that telomeric molecules containing i-loops can become a source of 

extrachromosomal telomeric circles. We propose that i-loops can form through 

strand exchange events at sites of damage, a process which is facilitated by the 

high sequence homology at telomeric repeats. This leads to the formation of 

intramolecular Holliday junctions that can be resolved to generate circular molecules 

made of telomeric DNA and resulting in a net loss of telomeric repeats. We propose 

that damage-induced i-loops are common intermediates in telomere maintenance 

that link telomere damage to the accumulation of extrachromosomal telomeric 

circles and to telomere erosion.  
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1.TELOMERES AND CHROMOSOMES END PROTECTION  

Telomeres are the terminal part of linear chromosomes and are essential for their 

maintenance. The concept of telomeres came from cytological data showing that 

natural chromosome ends are resistant to fusion reactions that otherwise occur at 

DNA ends generated by double-strand DNA breaks (DSB) (McClintock 1941). 

Linear chromosomes, in fact, lead to an important biological problem: their ends 

must be distinguished from internal chromosome breaks to avoid aberrant activation 

of DNA damage signaling and consequent DNA repair processes that would result 

in arrest of proliferation and chromosome fusions. Chromosomes alterations could 

lead to problems in chromosome segregation in the next mitosis, such as breakages 

that requires further repair. Repeated cycles of these events result in massive 

genome instability and eventually cell death. Therefore, telomeres have evolved to 

ensure that the natural ends of chromosomes are not mistaken for sites of DNA 

damage.  

 

1.1 Mammalian DNA damage response and repair pathways 

The major regulators of the mammalian DNA damage response are ataxia 

telangiectasia mutated (ATM) and ATM and Rad3-related (ATR) kinases, two serine 

/threonine kinases members of the phosphatidylinositol 3-kinase-like family of 

protein kinase (PIKKs) family. They are activated depending on the type of 

structures that are present on the site of damage, while ATM responds to DNA ends 

generated at DSBs, ATR pathway is activated in the presence of extended single-

stranded DNA tracts that can form during replication stress or after exonucleolytic 

resection of 5'-ends of DSBs. Following recognition of damaged sites ATM and ATR 

kinases trigger a phosphorylation cascade starting with Chk2 and Chk1, 

respectively, culminating in activation of the tumor suppressor protein p53 and thus 

cell-cycle checkpoint activation (Figure 1,2) (Sanchez et al. 1997; Matsuoka, Huang, 
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and Elledge 1998). DDR activation can lead to transient cell-cycle arrest to allow for 

repair of the damage, or in the case of more excessive or irreparable damage, a 

permanent cell cycle arrest (cellular senescence) and programmed cell death 

(apoptosis) (Tibbetts et al. 1999; Shieh et al. 2000; Vousden and Lane 2007). 

 

1.1.1 ATR pathway 

ATR signaling starts with the binding of the Replication Protein A (RPA) to the 

exposed 3'-single-stranded DNA of the lesion (Zou and Elledge 2003) (Figure 1). 

The ATR-interacting protein (ATRIP) recruits ATR, forming heterodimers that 

directly bind the RPA/ssDNA and promote ATR recruitment to the damaged site 

(Cortez et al. 2001; Zou and Elledge 2003). However, damage-site localization is 

not sufficient for ATR activation but it also requires interaction with TOPB1 (DNA 

topoisomerase II binding protein 1) which is recruited by the 9-1-1 (Rad9-Rad1-

Hus1) complex (Bermudez et al. 2003; Kumagai et al. 2006; Delacroix et al. 2007). 

Once activated at the site of the damage, ATR begins a phosphorylation cascade 

which involves phosphorylation of Chk1 and other downstream targets, leading to a 

slowdown of replication rate and limiting origin firing (Matsuoka et al. 2007; Tercero 

and Diffley 2001). 
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Figure 1. Simplified mammalian ATR pathway 
The ATR pathway starts with the binding of RPA proteins at the exposed ssDNA leading to 

the recruitment of ATR in complex with ATRIP. But ATR activation also requires its 

interaction with TOPBP1, which is recruited at the lesion via the 9-1-1 complex. At the level 

of stalled forks, ATR can prevent their collapse. Once activated, ATR starts a 

phosphorylation cascade that involves Chk1 and leads to cell cycle arrest and a regulation 

of origin firing. One of the substrates of the ATR signaling is also p53 able to promote the 

apoptotic or senescence pathways. 
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1.1.2 ATM pathway 

DSBs occur when both strands of the DNA molecule are broken in close proximity. 

In mammals, the MRN (Mre11-Rad50-Nbs1) complex is the major DSBs sensor in 

the ATM response. The MRN complex performs multiple functions the site of the 

damage, since it tethers the broken DNA ends, it is essential for the recruitment and 

the activation of ATM at the site of the lesion and it performs nucleolytic processing 

of DNA ends required for DNA repair (de Jager et al. 2001; Hopfner et al. 2002; 

Seifert et al. 2016; Williams, Lees-Miller, and Tainer 2010; Uziel et al. 2003; Lee 

and Paull 2005; Stewart et al. 1999). One of the earliest consequences of ATM 

activation is the phosphorylation of the histone-variant H2AX at the DSB site 

generating γH2AX (p-Ser139) which acts as signal for DNA damage signaling 

(Figure 2). γH2AX is then bound by the Mediator of DNA damage Checkpoint 1 

(MDC1) which increases the local ATM activation and H2AX phosphorylation.  

Through a positive feedback loop, involving MDC1 and other signaling proteins the 

DNA damage signal is rapidly spread in cis to the chromatin surrounding the DSB 

(Burma et al. 2001; Bonner et al. 2008; Rogakou et al. 1998). The ATM-dependent  

phosphorylation cascade leads to activation of p53 which plays a central role in 

mediating the final outcome: cell-cycle arrest and DNA repair, apoptosis or 

senescence (Helton and Chen 2007). 
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Figure 2. Simplified mammalian ATM pathway 
Double stranded breaks (DSB) are sensed and bound by the MRN complex, which recruits 

and activates ATM at the site of damage. ATM phosphorylates the histone H2AX producing 

γH2AX that is recognized by MDC1 that further stimulates ATM activation leading to γH2AX 

signal propagation. ATM phosphorylates Chk2 leading to p53 activation which mediates 

either cell cycle arrest, favoring DNA repair, or apoptosis.  

 

 

 

 

 



 12 

1.1.3 DNA Double Strand Breaks (DSBs) DNA repair pathways 

Mammalian cells have two main pathways to repair DSBs: Non-homologous end-

joining (NHEJ) and Homologous recombination (HR). NHEJ includes two different 

mechanisms, the classical (c-NHEJ) that occurs throughout the cell cycle and the 

alternative (alt-NHEJ) that operates in S/G2. (Figure 3) (Rothkamm et al. 2003). The 

classical NHEJ starts with the binding of the Ku70/80 heterodimer to the broken 

DNA ends that works as scaffold for the recruitment of the other factors including 

DNA Ligase IV which ligates the DNA termini (Deriano and Roth 2013). Although c-

NHEJ ligation cans result in small deletions or insertions such changes do not 

significantly alter global genome integrity and most repair events occur accurately 

and free of such mutations (Chiruvella, Liang, and Wilson 2013). Alt-NHEJ was 

more recently discovered and involves recognition of DSBs by poly adenosine 

diphosphate ribose polymerase 1 (PARP1). Differently from the c-NHEJ, a-NHEJ 

results in microhomology-mediated ligation rather than blunt-end ligation. In a-NHEJ 

microhomology is generated by MRN- and CtIP-dependent end resection and 

ligation seems to occur through the action of DNA ligase III, but there is evidence 

that DNA ligase I may also have a role (Lee-Theilen et al. 2011; Rass et al. 2009; 

Xie, Kwok, and Scully 2009; Simsek et al. 2011; Simsek and Jasin 2010). A-NHEJ 

repair is generally less accurate than c-NHEJ resulting in insertions, deletion or 

chromosome translocations (Frit et al. 2014) (Frit  et al., 2014. DNA Repair). In S/G2 

phase Ku70/80 inhibits alt-NHEJ by competing with PARP1 for DSB binding 

(Paddock et al. 2011). Both NHEJ pathways can occur at dysfunctional telomeres 

that are no longer able to protect chromosome ends from the DDR (van Steensel, 

Smogorzewska, and de Lange 1998; Sfeir and de Lange 2012). Inappropriate repair 

of chromosome ends by NHEJ results in fused dicentric chromosomes that are 

unstable in mitosis and can initiate breakage-fusion-bridge (BFB) cycles thereby 

leading to genomic instability (described below) (Gisselsson et al. 2000).  
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Figure 3. Classical and alternative nonhomologous end-joining (NHEJ) pathway 
Left, classical NHEJ: Ku70/80 binds to the broken ends and recruits the other factors like 

DNA PK which allows localization of factors necessary for end-ligation at the site of the 

damage (Neal and Meek 2011). ATM signaling activates 53BP1 which protects end from 

nucleases promoting c-NHEJ (Bothmer et al. 2011; Bothmer et al. 2010).  If required, 

additional enzymes, such as Artemis, intervene to prepare DNA ends for ligation. Last 

ligation step involves DNA Ligase IV that is stabilized and assisted by XRCC4 and XLF 

(Grawunder et al. 1997; Riballo et al. 2009)  

Right: alternative NHEJ: PARP1 is responsible for break recognition. The Mre11 complex 

and CtIP process DNA ends, in order to create stretches of 2 to 20 nucleotides and allowing 

microhomology-mediated end joining.  

From (Deriano and Roth 2013). 
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Homologous recombination (HR) pathways allow for error-free repair of DSBs since 

they employ a homologous template to repair. Sister chromatid are the most 

common donor sequence in HR, although the homologue chromosome can also be 

used as homology donors (Johnson and Jasin 2001). Briefly, the first step during 

HR is resection of the 5'-ends of DSBs, revealing a 3’ single-stranded protruding 

end which is then coated by  RPA.  Rad51 then displaces RPA, to form a 

nucleoprotein filament that conducts homology search. Rad51-coated single-

stranded DNA promotes strand invasion into the homologous donor region leading 

to the generation of heteroduplex DNA and a displacement loop (D-loop). The 3’-

end from the broken filament is then used then to prime DNA synthesis which is 

templated by the donor duplex (Figure 4 A). The repair can proceed in three different 

ways. In one case, the second DSB end can be captured to stabilize the D-loop 

generating a double Holliday Junction (dHJ) (Figure 4 B) (Szostak et al. 1983). 

Holliday Junctions can be resolved in two ways leading to crossover or non-

crossover products, or dissolved generating only non-crossover molecules. 

Resolution of HJs involves SLX1 and SLX4 nucleases that interact with MUS81 and 

EME1, forming the SLX-MUS complex, and the nuclease GEN1. These HJ 

dissolution involves the Bloom’s syndrome helicase (BLM) and topoisomerase III 

alpha (TOP3α) that together with RecQ-mediated genome instability protein 1 

(RMI1) and RMI2 form the BTR complex. (Andersen et al. 2009; Fekairi et al. 2009; 

Munoz et al. 2009; Svendsen et al. 2009; Castor et al. 2013; Garner et al. 2013; 

Wyatt et al. 2013; West et al. 2015; Ip et al. 2008; Rass et al. 2010). In synthesis-

dependent strand-annealing (SDSA) (Figure 4 C), the invading strand from one end 

of the DSB is dissociated from the D-loop and anneals with the other side 

(complementary strand) of the DSB (Nassif et al. 1994). In the break-induced 

replication (BIR) (Figure 4 D) the invading strand is extended indefinitely to the end 

of the doner chromosome, resulting in a migrating D-loop, resembling a one-sided 



 15 

replication fork (Malkova, Ivanov, and Haber 1996). All these mechanisms have to 

be suppressed at natural chromosome ends in order to preserve genome stability. 

Differently from cNHEJ that occurs throughout the cell cycle, the HR pathway is 

active only in S/G2 phases of the cell cycle. Work in yeast has shown that resection 

of 5’ ends and DSB repair by HR requires CDK1 activity (Ira et al. 2004). The same 

mechanism was later shown to work also in human cells (Jazayeri et al. 2006). It 

was later shown that CDK1/2, phosphorylates several key targets in the DSB 

response pathway that determine the repair pathway choice, including Nbs1 and 

Brca2 (Jazayeri et al. 2006). Similarly to DSBs, repair of deprotected telomeres is 

dependent on the cell cycle stage. Taz1 deletion was associated with massive 

telomere fusions when cells were arrested in G1 by Nitrogen starvation (Ferreira 

and Cooper 2001). Experiments with a TRF2 temperature-sensitive mutant showed 

that NHEJ-dependent telomere fusions occurred primarily in the G1 phase of the 

cell cycle. cNHEJ-mediated fusions in S/G2 were increased in roscovitine-treated 

cells, suggesting a Cdk1-dependent mechanism that counteracts cNHEJ in S/G2 

((Konishi and de Lange 2008). 
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Figure 4. Homologous recombination pathways 
Double-strand breaks ends undergo resection to generate 3’-overhang that are coated by 

Rad51 molecules and through strand invasion at homologous regions, form D-loop. DNA 

synthesis can occur using the overhang as primer (A). The second DSB end can be 

engaged to form double Holliday junctions (B) that can be resolved or dissolved, producing 

crossover or non-crossover products. The nascent strand could instead be displaced from 

the D-loop and, annealing with the other DSB protruding end, DNA synthesis can fill the 

gap (C). Another possibility is that, the second end is not available, therefore the 3’ 

overhang invade a replication fork allowing the replication until the end of the molecule (D). 
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1.2 Telomere structure  

The telomeric DNA of most eukaryotes is made of arrays of short tandem repeats 

that extends for several kilobases as double-stranded (ds) DNA ending with a 3’-G-

rich single-stranded overhang (Figure 5 A). Like the majority of the eukaryotes, the 

telomeric motif in mammals is TTAGGG and length varies among different species, 

for examples human telomeres can range from 10 to 15 kilobases (kb) whereas 

mouse telomeres can reach from 20 to 50 kb (de Lange et al. 1990; Kipling and 

Cooke 1990). The terminal 3’-overhang is made of about 50-500 nucleotides and 

the last base is variable, appearing almost random in telomerase-negative cells 

(Sfeir et al. 2005). The 5’-end of human telomeres instead is characterized by a 

conserved sequence ATC-5’, consistent with the active and regulated process of 

resection of the C-rich strand for the formation of the overhang after telomere 

replication. In order to to protect the end of the telomere the 3’-overhang is 

sequestered in a secondary structure called the t-loop (Figure 5 B). The t-loop is a 

telomeric structure formed by the invasion of the 3'-overhang into upstream double-

stranded telomeric DNA, displacing the G-rich strand and pairing with the C-rich 

strand, thereby forming a displacement loop (D-loop) and resulting in a lariat-like 

structure (Griffith et al. 1999; Doksani and de Lange 2014) . It has been proposed 

that t-loops provide an architectural solution to the end protection problem, by 

sequestering the ends of linear chromosomes, thus preventing their recognition by 

the DNA damage response. The de Lange and Griffith labs reported the first images 

of t-loops in electron microscopy from human and mouse telomeres, but t-loops 

have been observed also in trypanosomes, ciliates, plants, C. elegans and in 

Kluyveromyces lactis (yeast) (Griffith et al. 1999; Munoz-Jordan et al. 2001; Murti 

and Prescott 1999; Cesare et al. 2003; Raices et al. 2008; Cesare et al. 2008). The 

length of the t-loop contour seemed to vary randomly with telomere length, 

suggesting that the position of the 3’ overhang invasion is variable (Griffith et al. 
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1999; de Lange 2018). Actually, the size of the loop does not seem relevant for its 

function and actually varies between telomeres of the same cells as well as among 

organisms. T-loops can range from 0.3 kb in tryapanosomes to 30 kb in mice and 

50 kb in peas (Munoz-Jordan et al. 2001; Griffith et al. 1999; Cesare et al. 2003). 

Although, t-loops have been observed in all cell cycles stages, the fraction of 

telomeres  are organized in this structure is not yet known (Timashev and De Lange 

2020).  

 

Figure 5. Telomeric structures and shelterin complex 
A. Mammalian telomeres consists of long array of double-stranded TTAGGG repeats that 

terminates with a 3’ single-stranded G-rich overhang. 

B. Illustration of telomere in the t-loop configuration: the 3’ telomeric overhang invade the 

double stranded tract, displacing the G-rich filament and pairing with the complementary 

C-rich strand. 

C. Shelterin complex load on telomeric DNA: simplified illustration. Many complexes bind 

throughout telomeric DNA.                                                    

Modified from (Doksani 2019) 
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1.3 Shelterin and chromosome end-protection functions 

Telomere’s function is mediated by a six-protein complex named shelterin, that 

specifically recognizes and binds to telomeric repeats (de Lange 2005a) (Figure 5 

C), and is essential in telomere metabolism. The first component of the shelterin 

complex to be identified was the Telomere Repeat Binding Factor 1 (TRF1), isolated 

in vitro due to its specific binding to the double-stranded TTAGGG repeats (Zhong 

et al. 1992; Chong et al. 1995). Telomere Repeat Binding Factor 2 (TRF2) was 

identified as paralog of TRF1s using databases and through two-hybrid screens of 

TRF1 and TRF2. TRF2 Interacting Nuclear protein 2 (TIN2) and Rap1 were also 

identified, respectively (Bilaud et al. 1997; Broccoli et al. 1997; Kim, Kaminker, and 

Campisi 1999; Li, Oestreich, and de Lange 2000). POT1 (Protection Of Telomeres 

1) was identified while looking for sequence homology among proteins binding 

chromosome ends in unicellular eukaryotes (Baumann and Cech 2001). In rodents, 

the POT1 gene has undergone duplication leading to two closely related proteins, 

POT1a and POT1b (Hockemeyer et al. 2005; Wu et al. 2006). The interactions 

among different components of the shelterin complex have been established with 

co-immunoprecipitation, yeast two-hybrid analysis and structural studies (de Lange 

2018). TRF1 and TRF2 bind to double-stranded telomeric repeats as homodimers 

but do not interact directly with each other (Bianchi et al. 1999; Broccoli et al. 1997; 

Fairall et al. 2001). TRF1 and TRF2 bind to TIN2 which interacts with TPP1 which 

in turn binds to POT1 that localizes at telomere overhang since specifically binds 

single-stranded telomeric repeats. Thus, TIN2 provides a bridge between shelterin, 

which binds double-stranded (TRF1 and TRF2) and single-stranded (POT1) 

telomeric DNA. Then, Rap1 interacts with TRF2 and depends on it for telomere 

localization (Li, Oestreich, and de Lange 2000). Isolating the shelterin components 

from nuclear cell extracts revealed that they can form a stable complex also in 

absence of telomeric DNA (Liu et al. 2004) (Ye et al. 2004). Each shelterin 
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component explicates different functions in telomere metabolism or in chromosome 

end protection. In the fission yeast S. pombe the deletion of TAZ1 (the orthologue 

of TRF1 and TRF2), leads to high frequency of telomere fork stalling and, due to the 

absence of telomerase,  to massive loss of telomeric repeats (Miller, Rog, and 

Cooper 2006). Also in mammals, one essential role of the shelterin complex is to 

ensure efficient telomere replication. Indeed, TRF1 is essential for telomere 

replication in mouse and human cells as DNA combing analysis of TRF1-deleted 

cells show impairment in telomere replication with frequent fork stalling. This 

phenotype is also accompanied by activation of ATR signaling and accumulation of 

telomere abnormalities observed on metaphase spreads, such as fragility and sister 

telomere association (Sfeir et al. 2009; Martinez et al. 2009; Iwano et al. 2004).  

TRF2 is essential for t-loop formation and its deletion leads to t-loop loss (Doksani 

et al. 2013). The purified protein is able to induce the invasion of the telomeric 3’-

overhang into internal repeats leading to t-loop conformation at telomeric DNA 

(Griffith et al. 1999; Stansel, de Lange, and Griffith 2001; Amiard et al. 2007). 

Through the formation of the t-loops, chromosome ends are sequestered avoiding 

their recognition by the DNA damage sensor MRN complex, therefore TRF2 inhibits 

the activation of the ATM signaling and consequent c-NHEJ (Karlseder et al. 1999; 

van Steensel, Smogorzewska, and de Lange 1998; Celli and de Lange 2005; Denchi 

and de Lange 2007; Smogorzewska et al. 2002). In fact, TRF2 deletion results in 

ATM activation and massive chromosome fusions, a phenotype that is not observed 

in absence of other shelterin components (van Steensel, Smogorzewska, and de 

Lange 1998).  

While TRF2-mediated t-loop formation sequesters the chromosome ends and 

prevents activation of ATM signaling, the shelterin component POT1 covers the 

single stranded telomeric overhang (or the displaced G-strand at the base of the t-

loop) preventing loading of RPA and therefore activation of the ATR pathway 
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(Hockemeyer et al. 2005; Hockemeyer et al. 2006; Denchi and de Lange 2007). 

Moreover, it has been shown that POT1 plays an essential role in the regulation of 

telomere elongation and of the generation of the 3'-overhang (Hockemeyer et al. 

2006; Wu et al. 2006). In mouse cells, the 3’ overhang is generated by two 

exonucleases, Apollo and exonuclease 1 (EXO1) (Figure 6 a) (Dai et al. 2010; Wu, 

Takai, and de Lange 2012; Wang et al. 2012; Wu et al. 2010). An excessive 

resection of chromosome’s ends during the generation of the 3’ overhang could 

create a substrate for DNA damage response affecting chromosome end protection. 

For this reason, this process is carefully regulated by the shelterin components, 

TRF2 recruits Apollo, which activity is regulated than by POT1, that also recruits the 

CST complex to fill in long overhang generated by the exonucleases. 

Shelterin components are abundant and constitutively expressed in order to cover 

all telomere length, likely reflecting their essential function in protecting 

chromosome ends (Takai et al. 2010). Apart from its direct roles in telomere 

maintenance, the shelterin complex recruits many accessory factors at telomeres, 

most of which are involved in cellular processes like the DNA repair, as for the 

Ku70/80, Apollo, Mre11 complex or in DNA replication (RTEL1, BLM, ORC, RecQ) 

(Hsu et al. 1999; Hsu et al. 2000; Lenain et al. 2006; van Overbeek and de Lange 

2006; Zhu et al. 2000; Sarek et al. 2015; Zimmermann et al. 2014; Opresko et al. 

2002; Deng et al. 2007). 
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1.4 Consequences of telomere shortening  

Telomeric repeats are lost at each cell division resulting in a progressive loss of 

telomeric material until a critically short length is reached. Critically short telomeres 

lose their ability to protect chromosome ends from the DNA damage response, and 

are thus classified as dysfunctional. Persistent DNA damage response at 

dysfunctional telomeres ultimately leads cells into a permanent cell cycle arrest also 

known as cellular senescence (d'Adda di Fagagna et al. 2003; Takai, 

Smogorzewska, and de Lange 2003; Herbig et al. 2004; Rodier et al. 2009; Rodier 

et al. 2011) (Figure 6 B). Telomere erosion is due to the inability of the DNA 

replication machinery to fully replicate the lagging strand template, also known as 

the end replication problem (Harley, Futcher, and Greider 1990) (Figure 6 A). The 

semi-conservative DNA replication involves two different mechanism of DNA 

synthesis leading and lagging strand. In leading-strand synthesis, the polymerase 

moves in the same direction as the replication fork allowing a continuous strand 

replication until the end of the chromosome. In lagging-strand synthesis, DNA is 

synthesized in the opposite direction to the replication fork and requires RNA 

primers to initiate DNA synthesis: this results in DNA fragments, the Okazaki 

fragments, that are later ligated together once the RNA primers have been removed. 

This means that, at linear chromosomes, DNA synthesis of the lagging strand, will 

be incomplete due to the presence of an RNA primer for the last Okazaki fragment, 

thus resulting in loss of the terminal sequences in the daughter cell (Huffman et al. 

2000). The rate of telomere erosion is also influenced by the 5’-end resection 

required for the generation of the 3’-overhang as well as by telomere damage 

(Huffman et al. 2000; von Zglinicki 2002).  
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Figure 6. Telomere shortening as proliferative barrier 
a. End-replication problem: telomere shortening due to the inability of the DNA replication 

machinery to fully replicate the lagging strand (RNA primer degradation creates a gap). 

Moreover, the shortening is enhanced by the 5’ end resection required for the generation 

of the 3’ G-rich overhang. In this process are involved Apollo nuclease and Exo1. The last 

create an excessive overhang that is filled out by the CST complex.  

b. In germline and stem cells telomere shortening is counteracted by telomerase activity 

that is instead downregulated in somatic cells. As a result, telomeres undergo gradual 

shortening as described in (a). When telomeres become too short to ensure end protection, 

they are recognized by the DNA damage response (DDR) that induces senescence or 

apoptosis. Telomere-induced senescence is a tumor suppression pathway. If cell escape 

this proliferative barrier, telomere-mediated genome instability promotes tumorigenesis. 

Image from (Maciejowski and de Lange 2017)  
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Telomere erosion is involved in tissue ageing and ageing-related disease but also 

in tumorigenesis (Harley, Futcher, and Greider 1990; Blasco et al. 1997; Rudolph et 

al. 1999). The first experimental evidences that telomere shortening affects lifespan, 

derived from studies in mice deficient for telomerase, the reverse transcriptase that 

in germ lines and stem cells maintain telomere length by adding telomeric DNA 

repeats at the end of the chromosomes. These telomerase-deficient mice showed 

premature ageing phenotypes specifically in tissue with high cellular turnover 

potential  (Blasco et al. 1997; Choudhury et al. 2007; Rudolph et al. 1999). Important 

information about telomere attrition derived from the study of the length distribution 

of individual telomeres in telomerase-negative fibroblast using a PCR-based 

approach, called single telomere length analysis (STELA), that allows for the 

accurate measurement of telomere length from individual chromosomes (Baird et 

al. 2003). Using this system, it was possible to distinguish between two different 

events: a gradual shortening of all telomeres that progress together with cell 

divisions and rapid changes that occur stochastically at different telomeres.  

Intra-clonal and inter-clonal differences in the proliferative potential were observed 

in human fibroblast and yeast and could be explain with the stochastic and sudden 

loss of telomeric repeats at chromosome ends of some cells that consequently enter 

in senescence (Smith and Whitney 1980; Lundblad and Szostak 1989). It has been 

shown that in mammalian cells short telomeres trigger senescence and, that in 

telomerase-negative S. cerevisiae cells the generation of a single critically-short 

telomere accelerates senescence outcome (Hemann et al. 2001; Armanios et al. 

2009; Abdallah et al. 2009). Together these evidences lead to the conclusion that 

the cell fate is dictated by the length of the shortest telomeres rather than the mean 

telomere length (Hemann et al. 2001). 
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1.4.1 Telomere erosion due to the end replication problem: dysfunctional 

telomeres contribution to ageing and tumor suppression. 

Due to the end replication problem, in human cells telomeres shorten 50 to 100 bp 

per population doubling (Huffman et al. 2000). In germ line and stem cells, this 

gradual shortening is counteracted by telomerase reverse transcriptase which adds 

GGTTAG repeats to the 3’ chromosome end. In human somatic cells, telomerase 

expression is downregulated throughout the development, therefore, somatic cells 

undergo a limited number of cell divisions until telomeres become critically short and 

lose their protective functions. Dysfunctional telomeres activate the DNA damage 

response which arrests cell proliferation, inducing senescence (Figure 6 B). This 

proliferative barrier could contribute to organismal ageing by limiting tissue 

regeneration. On the same time, telomere loss has also another important role as a 

tumor suppression mechanism avoid that cells with critically short telomeres enter 

cell division (telomere crisis, described below) and risk undergoing to massive 

chromosomal rearrangements. Indeed, most cancer cells acquire and maintain 

unlimited proliferation potential through the reactivation of the telomerase allowing 

for the bypass the senescence barrier (Greenberg et al. 1999; Qi et al. 2003; Feldser 

and Greider 2007; Lee et al. 1998). Actually, it is not the average but rather the 

shortest telomeres that limit cell survival, inducing replicative arrest, in absence to 

telomerase (Hemann et al. 2001). So, chromosome end protection is an important 

mechanism to protect cells from the risk of genome instability. 
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1.4.2 Dysfunctional telomeres contribution in genome instability and 

tumorigenesis 

Apart from inducing senescence and driving tissue ageing, dysfunctional telomeres 

can have also an opposite role in tumorigenesis; being source of genome instability. 

In a cellular context where the senescence barrier is bypassed, such as after loss 

of p53 or RB tumor suppressor pathways, cells can enter division with dysfunctional 

telomeres and undergo a stage known as telomere crisis (Figure 7) (Artandi et al. 

2000; Artandi and DePinho 2010; Maciejowski et al. 2015).  
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Figure 7. Telomere crisis 
In case of dysfunctional telomeres, the loss of the p53 and RB tumor suppressor pathway 

allow cells to bypass the proliferative block and enter the cell cycle with critically short 

telomeres that will continue to shorten. When many telomeres become critically short, 

events of end-to-end fusion are promoted with the formation of dicentric chromosomes 

which leads to various forms of genome instability. Cancer transformation occurs when, 

after chromosomes rearrangement, telomerase activity is reactivated allowing cell 

proliferation. Image from (Maciejowski and de Lange 2017). 

 

 

In this scenario, an accumulation of dysfunctional telomeres increases the 

probability that they fuse each other producing dicentric chromosomes. This 

scenario leads to the Breakage-Fusion-Bridge (BFB) cycle where dicentric 

chromosomes missegregate in mitosis undergoing breakage followed by a second 

fusion of the broken ends in daughter cells where the cycle can begin again 

(Gisselsson et al. 2000) (Figure 8). BFB was discovered by Barbara McClintock and 

can cause massive genome instability (McClintock 1939). BFB cycles can leads to 

different outcomes depending also on how fusion events occur, between different 
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chromosomes or, after DNA replication, between sister chromatids (Murnane 2006). 

They can be mainly grouped in three categories: loss of heterozygosity (LOH), non-

reciprocal translocations and gene amplification. Chromosome rearrangements 

caused by telomere crisis are included in the cancer-relevant genome alterations 

that facilitate oncogenic progression, suggesting contribution of dysfunctional 

telomeres in oncogenesis (De Lange 2005b) 

 
 
 
 
 
 

 
 

Figure 8. Breakage-fusion bridge cycle 
Breakage-fusion bridge (BFB) cycle occurs starting from dicentric chromosomes generated 

by end-to-end fusion. During cell cycle, these chromosomes undergo to breakage due to 

mitotic spindle pulling, leading to other events of fusion that generate other dicentric 

chromosomes.  

Image from (Maciejowski and de Lange 2017). 
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1.4.3 DNA damage and telomere replication can cause rapid telomere loss 

In the context of somatic cells, where telomerase activity is absent, the only way for 

the cells to preserve telomeres from massive telomeric repeats loss and consequent 

genome instability, is to ensure proper telomere replication and telomere damage 

repair. DNA damage and particularly single-stranded damage at telomeric repeats 

have important roles in telomere erosion but the molecular mechanisms that 

translate telomere damage to telomere shortening are not well understood 

(Petersen, Saretzki, and von Zglinicki 1998; von Zglinicki 2000). Telomere damage 

for example can cause telomere loss by affecting telomere replication (von Zglinicki 

et al. 1995; Sitte, Saretzki, and von Zglinicki 1998; Munro et al. 2001). Telomeric 

replication forks move towards the chromosome end (terminal forks), differently 

from the internal regions, thus in case of collapse, these terminal replication forks 

cannot be rescued by nearby origins of replication, leading to loss of the distal 

fragment (Figure 9). 
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Figure 9. Telomere loss due to replication fork collapse 
Illustration of telomeric (terminal) replication fork collapse that can lead to loss of telomeric 

repeats resulting in critically-short telomeres which can leads to senescence or contribute 

to genome instability. 

Image from (Doksani 2019) 

 

This means that any factors that may obstacle replication fork progression at 

telomeric repeats could be responsible for telomere shortening. This contest is 

worsened by the fact that telomeres behave like replication fragile sites and their 

replication is challenged by the repetitive nature of their sequence, inclined to form 

secondary structures like G-quartets, by the presence of the t-loop as well as by the 

ongoing transcription (TERRA) (Sfeir et al. 2009; Martinez et al. 2009) (Figure 10). 

For these reasons, telomeric replication has essential role in genome stability and 

is strictly assisted by specialized proteins. Actually, the shelterin complex recruits 

many accessories factors, with well-defined functions in replication stress response, 

to assist telomere replication, like RTEL1, the RecQ helicases WRN and BLM or 

SLX4 and Fanconi Anemia complexes, which could be directed towards specific 

structures that otherwise could interfere with telomere replication causing collapse 
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and loss of telomeric repeats (Vannier et al. 2012; Crabbe et al. 2004; Ding et al. 

2004). There is another process that could leads to telomeric repeats loss, 

discussed below, the formation of circular extrachromosomal telomeric DNA.  

 
 
 
 
 
 
 
 

 
 
Figure 10. Telomere are hard to replicate 
Telomere replication can be challenged by different factors and telomeres behave like 

replication fragile sites. The G-rich filament is prone to form G4 secondary structures and 

is mor susceptible to oxidative stress (8-oxo-G). Moreover, telomeric DNA is continuously 

transcribed (TERRA), tightly bound by the shelterin complex and the t-loop if not properly 

processed can interfere with the replication fork progression. 

Image from (Doksani 2019).  
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2. EXTRACHROMOSOMAL TELOMERIC CIRCLES 

Extrachromosomal telomeric circles have been found in wide variety of organisms, 

such as yeast, the plant Arabidopsis thaliana, the nematode Caenorhabditis 

elegans, in Xenopus laevis embryonic cells and also in mammalian ALT cells 

(Tomaska et al. 2000; Nosek et al. 2005; Cesare et al. 2008; Groff-Vindman et al. 

2005; Zellinger et al. 2007; Raices et al. 2008; Cohen and Mechali 2002; Cesare 

and Griffith 2004; Nabetani and Ishikawa 2009; Wang, Smogorzewska, and de 

Lange 2004). The discovery and the investigation of telomeric circles started in the 

eighties with the study of the linear mitochondrial genome of the yeast C. 

parapsilosis (Kovac, Lazowska, and Slonimski 1984). Their mitochondrial DNA 

(mtDNA) have ends that resemble nuclear telomeres, since it terminates with a 738-

bp tandem repeat unit that form an array of up to 12 units and has a single-stranded 

overhang (Nosek et al. 1995). Moreover, the overhang is bound by a mitochondrial 

telomere binding protein (mtTBP) (Tomaska, Nosek, and Fukuhara 1997). Further 

in vivo studies of the mtDNA of C. parapsilosis lead to the identification of 

extrachromosomal DNA fragments made of the tandem repeats of the mtDNA 

terminal regions (Tomaska et al. 2000). Two-dimensional agarose gel 

electrophoresis (2D-gel), a technique for the separation of DNA structures described 

in detail later, revealed that the electrophoretic migration of these fragments is 

compatible with a circular DNA structure. To further investigate this aspect, the 

extrachromosomal DNA circles were enriched by alkaline lysis, technique used for 

the isolation of small bacterial plasmid, from purified mitochondria of C. parapsilosis, 

and analyzed by electron microscopy. EM revealed the presence of short and stiff 

linear molecules, thicker than normal linear DNA, often with small balls at the ends 

(Figure 11, arrows). This rods-like conformation represents tightly supercoiled DNA 

molecules. In fact, introducing nicks through a mild DNase I treatment before EM 

analysis, lead to a higher proportion of relaxed molecules that appeared as open 
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DNA circles (Figure 11). Size distribution analysis showed that these circles have 

dimensions corresponding to integral multiples of 738 bp, confirming they are 

entirely made of the terminal region of the mitochondrial genome.  

 

 

 

 

Figure 11. Mitochondrial telomeric circles of C.parapsilosis 
Telomeric circles isolated by alkaline lysis from purified C.parapsilosis mitochondria and 

prepared for EM. Arrows indicate supercoiled molecules, that appeared as short linear 

molecules thicker than normal linear DNA, often with small balls at the ends. Mild DNaseI 

treatment increased the presence of circular molecules that allowed a more precise length 

measurement. Black bar on the bottom represents 0.5 µm. 

Image from (Tomaska et al. 2000).  
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The same kind of analysis was conducted with similar results also in other yeast 

species (C. metapsilosis, P. philodendra and C. salmanticensis) all containing 

mtDNA in linear conformation with terminal arrays of tandemly repeated sequences 

(Tomaska et al. 2000; Nosek et al. 2005).  Originally, these circular molecules were 

regarded as byproducts of genome instability, but later it was demonstrated that, 

instead, t-circles have active roles in telomere maintenance (Tomaska et al. 2000) 

(Regev et al. 1998). It has been reported that mtDNA circles of yeast provide 

substrates for rolling circle-dependent amplification, being therefore involved in 

telomere elongation through recombination (Nosek et al. 2005). A rolling circle 

dependency for mtDNA telomere maintenance was confirmed by a screening of 

yeast mutants lacking mitochondrial circles made of telomere-like tandem repeats. 

They resulted to have circular molecules but formed by end-to-end fusion of the 

original linear mitochondrial genome. This result suggested that the only 

mechanisms for mitochondrial telomere maintenance was the one depending on the 

presence of telomeric circles probably involving recombinational mode for telomere 

elongation (Kosa et al. 2006; Rycovska et al. 2004). The strongest evidence of a 

direct role of telomeric circles in telomere maintenance came from studies of the 

yeast Kluyveromyces lactis. Synthetic telomeric circles were introduced in K. lactis 

cells with disrupted telomerase RNA gene (ter1Δ) and uncapped telomeres 

(Natarajan, Groff-Vindman, and McEachern 2003; Natarajan and McEachern 2002). 

Telomeres after transformation resulted to be elongated and their sequencing 

revealed frequent presence of repeating patterns. Since the provided telomeric 

circles lacked a replication origin and cells lacks active telomerase, the most 

probable explanation for both telomere elongation and acquisition of a sequence 

pattern would be recombination events. Studies on the tert1-16T K. lactis mutant, 

where telomerase add at chromosome ends a telomeric repeat variant that is poorly 

recognized by the Rap1 protein, reported that telomeres resulted deprotected and 



 35 

abnormally elongated (Natarajan, Groff-Vindman, and McEachern 2003; Natarajan 

and McEachern 2002). Long telomeres in this setting facilitated telomeric DNA 

purification and electron microscopy analysis. tert1-16T telomeres showed t-loop 

conformations and the presence of free circular molecules. The amount of both t-

loops and telomeric circles significantly decreased both with overexpression of the 

Rap1, complementing the uncapping phenotype, and by the deletion of the rad52 

gene, essential for homologous recombination  (Cesare et al. 2008). These 

experiments suggest that telomeric circles allowed telomere elongation through a 

roll-and-spread mechanism, where extrachromosomal telomeric circles are the 

template for rolling circle amplification and the resulting long arrays of telomeric 

repeats can be incorporated into telomeres through homologous recombination-

dependent events (Cesare and Griffith 2004; Natarajan and McEachern 2002) 

(Figure 12). This mechanisms of roll and spread is supported also by the presence 

of extrachromosomal telomeric circles and the detection of DNA molecules that 

resemble rolling circle replication intermediates visualized in electron microscopy of 

both K. lactis genomic DNA  and C. parapsilosis mitochondrial DNA preparations 

(Groff-Vindman et al. 2005) (Nosek et al. 2005).  
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Figure 12. Model for t-loops and t-circles in telomere maintenance. 
a. Model for telomere maintenance of mitochondrial DNA in yeast C. parapsilosis. The t-

loop is formed by strand invasion of the 3’-overhang into double-stranded telomeric region. 

T-circles can be formed by intramolecular recombination of the repetitive sequence or by t-

loop excision. The extrachromosomal circles can be amplified through rolling-circle 

replication, forming structures characterized by a loop which junction is recognized by 

single-stranded binding protein and a tail. The resulting long filament made of telomeric 

repeats can recombine and extend chromosome ends. The main structures, proposed to 

be involved in this pathway for mitochondrial telomere maintenance, were observed in 

electron microscopy.  

Image modified from (Tomaska et al. 2009).  
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In mammals, telomeric circles have been identified in tumor cell lines where 

telomerase is not active and telomeres are maintained by processes that involves 

recombination events, known as alternative lengthening of telomeres (ALT) 

(Nabetani and Ishikawa 2009; Wang, Smogorzewska, and de Lange 2004; Cohen 

and Lavi 1996; Cesare and Reddel 2010). However, accumulation of telomeric 

circles was reported also in stem cells and in telomerase-positive human cell lines, 

when telomeres were artificially elongated (Pickett et al. 2009; Rivera et al. 2017). 

A model proposed for the formation of telomeric circles is the resolution of the t-loop 

junction by recombination enzymes, resulting in the formation of extrachromosomal 

circular molecules and truncated telomeres (Wang, Smogorzewska, and de Lange 

2004) (Figure 13). This model derived from experiments with the TRF2 mutant 

TRF2ΔB, which lacks the N-terminal basic domain, but is able to properly bind 

telomeric DNA. The expression of the TRF2ΔB induced in several human and mouse 

cell lines a rapid and stochastic loss of telomeric repeats from individual telomeres 

(Schmutz et al. 2017). In addition, the expression of TRF2ΔB leads to accumulation 

of telomeric circles which size distribution reflects the size range of telomeres. The 

deletions of telomeric repeats in TRF2ΔB-expressing cells requires proteins involved 

in homologous recombination, NBS1 that is part of the MRN complex, and XRCC3, 

that is also associated to Holliday Junction (HJ) resolvase activity (Brenneman et 

al. 2002; Pierce et al. 1999; Liu et al. 2004). Based on these data, and considering 

that TRF2 is responsible for the stability and maintenance of t-loop, it was suggested 

that limited branch migration at level of the t-loop junction can generate a Holliday 

junction, that is not fully protected by TRF2, and can be resolved by HJ resolvases. 

The result would be t-loop excision, generating telomeric circles, containing nicks in 

both strands, with consequent rapid loss of telomeric repeats (Wang, 

Smogorzewska, and de Lange 2004; Schmutz et al. 2017).  
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Figure 13. Model for t-loop excision.  
From the top: branch migration of the t-loop junction (D-loop) results in the formation of 

Holliday junction. Here, HR-related protein (XRCC3 HJ resolvases) cut at the level of the 

HJ (green arrows) and a nuclease activity (red open arrow) at the level of the D-loop. The 

results are the formation of relaxed telomeric circle (containing two nicks, one on each 

strand) and telomere loss. The shortened telomeres might form a new t-loop but if the 

deletion was too extended, telomere can become dysfunctional activating the DNA damage 

response and induces senescence. The basic domain of TRF2 result essential to inhibits t-

loop excision. 

Image from (Wang, Smogorzewska, and de Lange 2004).  
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Since telomeric circles can generate spontaneously in a variety of human cells, it 

has been proposed that the HR-mediated excision of t-loops, could contribute to the 

stochastic shortening of human telomeres. The t-loop excision model has several 

aspects in common with the telomere rapid deletion (TRD) process described in 

yeast, where elongated telomeres experience rapid deletion (Bucholc, Park, and 

Lustig 2001; Li and Lustig 1996; Lustig 2003). Both mechanisms involve 

intratelomeric homologous recombination events and require the activity of 

components of the MRN complex for telomere loss. Moreover, the final products are 

the formation of circular molecules containing telomeric DNA and consequent 

telomeric repeats loss. These processes could provide a connection between the 

accumulation of telomeric circles and telomere erosion. However, the fact that 

normal cells with long telomeres as well as a long list of mutants, apparently 

unrelated to t-loop metabolism, accumulate extrachromosomal telomeric circles, 

suggests that there are also other mechanisms that can generate telomeric circles 

(Pickett et al. 2009; Wang et al. 2009; Gu et al. 2012; O'Sullivan et al. 2014; Li et al. 

2017; Tomaska et al. 2009). For example, telomeric circles have been reported in 

mutants of genes involved in DNA metabolism and telomere maintenance such as 

human somatic cells depleted for the Ku86 gene, involved in nonhomologous end 

joining (NHEJ) and telomere maintenance, or in mutant for the origin recognition 

complex (ORC) which coordinates DNA replication at most chromosome sites but 

localizes at telomeres via interaction with TRF2 (Wang et al. 2009; Deng et al. 

2007).  
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2.1 Alternative Lengthening of Telomeres (ALT)  

Malignant transformation depends on extensive cell proliferation that is achieved by 

counteracting telomere shortening and avoiding senescence (Reddel 2000). Around 

85% of human cancers increase the expression of telomerase that in somatic cells 

is downregulated throughout the development (Shay and Bacchetti 1997). In the 

remaining 15% of cancers, telomerase activity is not detected and telomere length 

is maintained by mechanisms referred to as Alternative Lengthening of Telomeres 

(ALT) (Bryan et al. 1997; Henson et al. 2005; Costa et al. 2006; Dilley and 

Greenberg 2015). ALT telomeres retain the canonical telomeric features, as they 

are made of the same repetitive motif array that extend as double-stranded, ending 

with G-rich overhang involved in the t-loop formation and is covered by Shelterin 

complex. Nevertheless, they have some peculiar features. Compared to 

telomerase-positive or non-tumor counterparts, ALT cells display increased 

telomere length heterogeneity and the presence of ALT-associated PML bodies 

(APBs), where telomeric DNA localizes in peculiar PML nuclear bodies (Yeager et 

al. 1999). The also display more frequent telomere recombination events, such as 

telomere-sister chromatid exchange (T-SCE) that results in crossover products that 

could derive from DSB repair (Bryan et al. 1997; Bryan et al. 1995; Grobelny, 

Godwin, and Broccoli 2000; Bechter, Shay, and Wright 2004; Dunham et al. 2000; 

Londono-Vallejo et al. 2004; Bailey, Goodwin, and Cornforth 2004). The increased 

frequency of recombination at telomeres is not associated with a general genome-

wide upregulation of HR and is not caused by loss of functions, alteration or variation 

in the expression levels of shelterin components (Bechter, Shay, and Wright 2004; 

Lovejoy et al. 2012). The most common mutation that characterizes ALT cells is on 

the ATRX/DAXX chromatin remodeling complex; the loss of ATRX is not sufficient 

to induce ALT, but its complementation suppresses some ALT phenotypes (Lovejoy 

et al. 2012; Heaphy et al. 2011; Napier et al. 2015). Another peculiar aspect is that 
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ALT telomeres accumulate nicks and single-stranded gaps (Nabetani and Ishikawa 

2009). This accumulation could cause replication stress and DSBs formation 

promoting DNA repair and recombination events This aspect suggests that ALT 

development may involve a selection of cells that experience telomere damage. The 

origins of the damage in ALT telomeres are not clear but could be produced by 

metabolic products, such as reactive oxygen species that preferentially cut G-rich 

sequences (von Zglinicki 2002; Henle and Linn 1997). One of the most consistent 

features of ALT cells is the presence of extrachromosomal telomeric circles, double-

stranded (t-circles) or partially single-stranded (C-circles) (Wang, Smogorzewska, 

and de Lange 2004; Cesare and Griffith 2004; Henson et al. 2009). ALT mechanism 

was first described in S. cerevisiae cells inactivated for telomerase activity that 

survive using HR-dependent telomere maintenance pathways, but it has been 

observed in other yeast species like K. lactis (Lundblad and Blackburn 1993). The 

survivor cells of S. cerevisiae, the one that continue to proliferate, were classified in 

type I and type II based on their different dependency on HR proteins. In the type I 

cells, telomere maintenance is dependent on RAD51 and RAD52 but not on RAD50, 

whereas in type II cells RAD50 and RAD52  are required but not RAD51. Yeast 

RAD50 is part of the MRX complex whose counterpart in mammals is the MRN 

(MRE11-RAD50-NBS1) complex. RAD50 and NSB1 have been reported to be 

important for ALT cells therefore was suggested that human ALT cells are 

analogous of the type II yeast survivors (Jiang et al. 2005; Potts and Yu 2007). In 

human cells, the first evidence about ALT mechanisms derived from the observation 

that in telomerase-negative cells telomere length was maintained for many 

population doublings and often underwent to rapid shortening or lengthening events, 

likely as a result of recombination (Bryan et al. 1995; Rogan et al. 1995; Murnane 

et al. 1994). Several studies have since reported physical evidences of 

recombination at human ALT telomeres. For example, (Dunham et al. 2000) showed 
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that a DNA cassette inserted into a single telomere was copied to other telomeric 

sequences in ALT cells, but not in telomerase-positive cells. ALT cells also showed 

complex rearrangements resulting in the presence of non-canonical repeats in the 

telomeric regions (Varley et al. 2002). Further, supporting the involvement of HR-

based telomere elongation, telomere maintenance in mammalian ALT cells is 

impaired in cells mutated for HR factors such as Brca2, FANCD2, FANCA, SMC5/6 

BLM and Rad52 (Verma et al. 2019; Zhang et al. 2019; Min, Wright, and Shay 2017). 

Although is generally accepted that telomere elongation involves DNA 

recombination, the molecular mechanisms of ALT remain unclear. The models 

proposed involved homologous-recombination dependent mechanisms that involve 

DNA replication, in common with BIR. Basically, the high sequence homology can 

favor strand invasion of a short telomeres into another telomere of the same cells 

which is then used as a template for telomere elongation. In one model it is proposed 

that ALT telomeres are lengthened by recombination-mediated synthesis of new 

telomeric repeats using existing telomeres from adjacent chromosome as template 

(Dunham et al. 2000; Henson et al. 2002) (Figure 14). In this scenario, the terminal 

3’ overhang from one telomere can invade another telomere at any level and use its 

sequence as template for elongation. Replication could proceed until the end of the 

chromosome and, depending on the point of strand invasion, could lead to 

excessive lengthening. These events are consistent with the previous observation 

of the spreading of a single DNA cassette to multiple telomeres in ALT cells and 

telomeric rearrangements that lead to unequal exchange and could favor the 

heterogeneity that characterize ALT telomeres (Dunham et al. 2000; Varley et al. 

2002).  
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Figure 14. Model for ALT telomere maintenance  
Homologous recombination-dependent DNA replication proposed as model for ALT 

telomere maintenance. Telomere lengthening occurs through DNA replication, mediated by 

homologous recombination, using as template the telomeric sequence of adjacent 

chromosomes. Due to the high level of homology, strand invasion can occur at any point of 

the donor telomeres and replication proceed until the end of the chromosome, causing net 

gain of telomeric repeats. 

Image from (Cesare and Reddel 2010).  

 

 

 

 

 

 

 

 

 

 

 



 44 

However, there is some evidence that in ALT cells it is not necessary to use 

telomeric DNA from another chromosome for telomere elongation (Muntoni et al. 

2009). Therefore, another model proposes that telomeric DNA can use intra-

molecular DNA synthesis, meaning that a short telomere can use itself as template 

through the formation of secondary structures like t-loops, or perform elongation 

during DNA replication, using its sister chromatid as a template (Figure 15 a, b). It 

cannot be excluded that extrachromosomal linear telomeric fragments can be used 

as template (Figure 15 c) as well as the extrachromosomal telomeric circles (Figure 

15 d), which accumulate in ALT cells, and could be used as template for rolling-

circle mediated telomere extension (Henson et al. 2002). The involvement of circular 

forms in telomere elongation is consistent with the “roll and spread” mechanisms 

described in yeast. Furthermore, C-circles (partially single-stranded circles) are 

excellent substrates for rolling circle in vitro (described later). It has been proposed 

that after the annealing of telomeric G-rich strand to single stranded C-rich-strand 

of C-circle, DNA synthesis by rolling circle replication could promote rapid elongation 

of telomeres also in vivo in ALT cells (Tomaska et al. 2009; Henson et al. 2009; 

Cesare and Griffith 2004; Wang, Smogorzewska, and de Lange 2004). However, 

direct experimental evidence that telomeric circles are employed as substrates for 

amplification of telomeric arrays in mammalian cells is lacking. 
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Figure 15. Alternative copy template for ALT telomere elongation. 
Alternatively, to the model proposed in Figure 14, where DNA template for telomere 

elongation is another telomere, it has been proposed that the copy template could be the 

same molecule (a, b) using t-loop of sister chromatid, or extrachromosomal telomeric 

molecules (c, d), linear of circular (like C-circles). 

Image from (Cesare and Reddel 2010).  
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2.1.1 C-circles 

C-circles are circular telomeric DNA molecules with an intact and covalently closed 

C-rich strand and gapped G-rich strand. Their origin is not clear yet and they are 

several-fold more abundant in ALT cells than telomerase-positive cells or non-

immortalized cell lines. ALT cell lines, can lack some or most of ALT features but 

nevertheless contain abundant C-circles. Therefore, differently from t-circles (the 

double-stranded telomeric circles), C-circles are a peculiar feature of ALT cells and 

their accumulation seems to be proportional to the ALT activity (Henson et al. 2009). 

In two clones of spontaneously immortalized fibroblasts, overexpressing of a fusion 

protein that sequesters the MRE11-RAD50-NBS1 complex leads to ALT inhibition. 

In these ALT-inhibited cells C-circles levels dropped and, interestingly,  there was a 

difference also between the two clones. The clone with lower C-circles had also less 

ALT activity detected as accumulation APBs and telomere attrition. This means that 

C-circles are more specific for ALT mechanisms compared to t-circles. ALT cells 

also contain G-circles (G-strand intact, C-strand with gap) but they are around 100-

fold less abundant than C-circles (Henson et al. 2009).  

 
2.2 Methods for extrachromosomal telomeric circles detection 

Two-dimensional agarose gel electrophoresis 

Two-dimensional agarose gel electrophoresis (2D-gels) is a technique which allows 

for the separation of molecules according to their size and structures. Briefly, DNA 

undergoes to size-dependent separation in a first dimension electrophoresis run, 

followed by a second dimension where molecules migrate depending on their 

molecular complexity, with slower migration of more extensively branched DNA 

molecules. Then DNA could be either transferred by Southern blotting to nylon 

membrane or detected directly with in-gel hybridization using the probe of interest 

(Villwock and Aparicio 2014). This approach is widely used for replication studies 
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where is essential to separate linear DNA molecules form branched ones (Bell and 

Byers 1983; Brewer and Fangman 1987; Nawotka and Huberman 1988; Friedman 

and Brewer 1995; Lopes et al. 2001). Previous studies have shown also that 2D gel 

is efficient in the separation of circular structures from linear molecules, since 

covalently closed and nicked circles migrate slowly compared to linear molecules of 

equal length (Oppenheim 1981). (Cohen and Lavi 1996) using as model for circular 

DNA, a heterogeneous population of defective SV40 circular genomes, 

demonstrated that 2D gels is efficient also for the separation of different circular 

species. They characterized the different conformation of the molecules producing 

the 2D signals in their system, extracting the DNA from each 2D spot and analyzing 

it by electron microscopy. With this approach they also demonstrated that 2D gel 

allows us to distinguish between supercoiled and non-supercoiled molecules, as 

supercoiled molecule remain intact throughout the analysis, whereas non-

supercoiled that underwent nicking during the preparation of the second dimension 

therefore migrate there as relaxed forms. All these aspects make 2D gel analysis a 

suitable approach for the identification of different types of DNA conformations, in 

fact in addition to replication studies, it has been used also for the characterization 

of mammalian telomere structures, including the extrachromosomal telomeric 

circles (Wang, Smogorzewska, and de Lange 2004; Cesare and Griffith 2004; 

Nabetani and Ishikawa 2009). The advantages to use this approach to study 

telomere structure are the possibility to specifically probe telomeric DNA and to quite 

easily monitor structure accumulation of different preparations in parallel (i.e. 

different cell lines, treatments, time points). In fact, this approach was important for 

the discovery of the extrachromosomal telomeric circles and for the monitoring of 

their formation in specific context like ALT cells. Through 2D gel analysis the 

accumulation of extrachromosomal telomeric circles was reported in TRF2ΔB-

expressing cells suggesting that their distribution reflect the size range of telomeres. 
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These results support the model for the telomeric circle formation as excision of 

unprotected t-loop (Wang, Smogorzewska, and de Lange 2004). Moreover, 2D gel 

analysis was also used to define the telomeric nature of the extrachromosomal 

circular molecules found by electron microscopy to accumulate in a variety of ALT 

positive cells lines (Cesare and Griffith 2004).  

 

Detection of extrachromosomal telomeric circles by the rolling circle 

amplification assay. 

The rolling circle assay was developed in Arabidopsis since telomeric circles were 

not easily detected in 2D-gels, probably due to the short length of telomeric repeats 

that further decreases in the observed mutants (Zellinger et al. 2007). It consists in 

the rolling circle amplification (RCA) of telomeric circles starting from a provided 

telomeric-specific oligonucleotide that anneals after DNA denaturation. The 

amplification is performed by the Phi29 polymerase which is a highly processive 

enzyme, with strand displacement activity (Blanco and Salas 1996). This reaction 

generates long, single-stranded telomeric DNA molecules that results in a high 

molecular weight signal accumulating on the top of agarose gel, detected after 

southern blot and hybridization with a probe that specifically recognize telomeric 

repeats (Figure 16 A, B). The specificity of the reaction was verified by treating the 

DNA with exonuclease V before incubation for RCA. This exonuclease degrades 

double-stranded molecules with exposed extremities, therefore in the linear 

conformation. After the ExoV treatment, the high molecular weight products derived 

from Phi29 amplification were resistant, differently form the linear DNA that was no 

longer detectable, confirming the circular nature of the amplification substrate 

(Figure 16 B). This approach has been widely used in the field (Li et al. 2017; 

Margalef et al. 2018).  
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Figure 16. Telomeric circle detection by rolling circle amplification.  
A. Schematic representation of the rolling circle amplification of the telomeric-specific 

primer by Phi29 polymerase from circular template. 

B. Telomeric signal of the products after telomeric circle assay. DNA from Arabidopsis cells 

was subjected to telomeric circle amplification directly or after ExoV treatment and in 

presence or absence of Phi29 polymerase. The reaction products were separated in 

alkaline gel electrophoresis, transferred on membrane and hybridized with a TTAGGG 

telomeric probe. 

Image from (Zellinger et al. 2007).  
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Rolling circle amplification assay for the detection of C-circles: the C-circle 

assay. 

The C-circle assay (CCA) has become a standard method to measure the presence 

of ALT mechanisms, since it is a rapid and quantitative assay that detects changes 

in ALT activity (Henson et al. 2009; Bryan et al. 1995; Henson and Reddel 2010). 

This method is based on the rolling circle amplification of telomeric C-circles partially 

double-stranded by the highly processive DNA polymerase Phi29 (Dean et al. 

2001). In this case, a DNA primer is not added to the reaction since the partially 

single-stranded G-rich strand can provide a 3'-end for elongation. This process 

produces a long filament of G-rich single-stranded telomeric DNA which migrate 

minimally from the gel in electrophoresis (Figure 17 a,b). The Phi29 polymerase has 

been reported to generate rolling circles products bigger than 70 kb (Dean et al. 

2001). The specificity for C-circles is supported by the fact that omitting dCTP from 

the reaction did not affect the amplification of the C-circles (consistent with the fact 

that the amplified strand does not contain Cytidine residues) (Henson et al. 2009). 

Moreover, it was also demonstrated the partially double-stranded nature of the 

amplified circles, since the CCA products are not detected if the input material is 

first digested with Kamchatka crab duplex specific nuclease (DSN), an 

endonuclease that has highly specificity for double-stranded DNA being inactive 

towards single-stranded DNA (Anisimova et al. 2006) (Figure 17 b). This nuclease 

was used to set up a method for direct measurement of overhang length (Zhao et 

al. 2008). Moreover, the treatment of ALT-positive genomic DNA with exonuclease 

λ, I and V, results in the degradation of most of the linear telomeric DNA but did not 

decrease the CC-assay products, demonstrating that they derived from the 

amplification of circular molecules (Figure 17 c,d) (Henson et al. 2009). However, in 

ALT cells there are also telomeric circular molecules that derive from t-loops 
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excision by HR. These telomeric circles, following the model, are mainly double 

stranded but likely nicked on both strands, thus should not be a major substrate for 

RCA therefore do not contribute to CCA products (Cesare and Griffith, 2004. Mol 

Cell Biol; Wang et al., 2004. Cell). This was demonstrated promoting t-circles 

formation overexpressing telomerase activity in ALT-negative Hela cells, that lead 

to over-elongated telomeres (Pickett et al. 2009). As results, despite the presence 

of t-circles, CCA products were not significantly different in the Hela overexpressing 

telomerase compared to the Hela controls cells and anyway, resulted 400-fold lower 

than the ALT positive control. Therefore, CCA is unaffected by the presence of ALT 

independent t-circle formation underling the specificity of this assay in detecting ALT 

phenotypes, based on the accumulation of C-circle.  
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Figure 17. C-circle assay.  
a. Schematic representation of the C-circle assay (CCA). 

b. 30 ng of genomic DNA from both ALT+ cells (IIICF/c) and ALT – cells (TE-85) was process 

for CCA in the indicated conditions. The HMW G-rich strand, that minimally migrates from 

the wells was not detected when the template DNA or the Phi29 was omitted from the 

reaction and when DNA was pre-treated with DSN nuclease, which digest specifically 

double-stranded DNA. 

c. Genomic DNA from ALT+ cells (IIICF/c) after restriction digestion, was treated with 

exonucleases λ, I and V and was subjected to CCA (c) or separation in agarose gel (d). The 

linear DNA signal is no more detected after treatment whereas CCA products resulted 

unaffected.           

Image from (Henson et al. 2009) 
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Structural transitions are involved in several aspects of telomere metabolism, like 

chromosome end protection function through the formation of the t-loop, telomere 

replication and recombination events. Our lab was interested in monitoring telomere 

structure by electron microscopy (EM), an approach widely used to characterize 

replication and recombination intermediates genome-wide. However, in EM, 

labelling for specific DNA sequences is not efficient and telomeric DNA is low 

represented compared to the overall genome. For example, considering the size of 

the mouse diploid genome of 5.6 x 109 bp and an average telomere length of 50Kb 

mouse telomeric repeats represent less than the 0.1% of all genomic DNA. 

Therefore, in order to specifically study telomeric DNA by EM, telomeric repeats 

need to be highly enriched. For this purpose, we developed a new procedure for the 

purification of telomeric DNA from mammalian cells. 

 

A two-step procedure for the purification of mammalian telomeric DNA 

The principle for the enrichment of telomeric DNA is based on the fact that TTAGGG 

repeats lack restriction sites and therefore after extensive digestion with frequently-

cutting restriction enzymes they can be separated from the bulk DNA by size 

fractionation (de Lange et al. 1990). This strategy has been used in the past for the 

imaging of the t-loop structure both in isolated DNA and in telomeric chromatin 

(Griffith et al. 1999; Cesare et al. 2003; Nikitina and Woodcock 2004). The standard 

procedure consisted in a single step of enrichment in which large amounts of human 

or mouse genomic DNA are digested, reducing most non-telomeric fragments to 

less than 1 kb. Following digestion, samples were subjected to size exclusion 

chromatography to separate larger molecules that do not contain restriction sites (~ 

10 kb) from smaller genomic fragments. In these experiments, most of the telomeric 

signal eluted in the first excluded fractions, while the small fragments from the bulk 

DNA eluted later (Griffith et al. 1999; Cesare et al. 2003; Nikitina and Woodcock 
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2004). While the first fractions were certainly rich in telomeric repeats, their absolute 

frequency (i.e. the ratio between telomeric and non-telomeric DNA) in those 

fractions was not reported. Moreover, gel filtration chromatography is more suitable 

for the separation of globular structures rather than long DNA filaments, making this 

approach quite unreliable in its ability to enrich for telomeres and limiting its 

application. We therefore developed an improved protocol based on the same 

principle of digestion with frequent cutters, but consisting in two rounds of 

enrichment and an alternative approaches for size fractionation (Mazzucco et al. 

2020). The first round of the enrichment consists of the digestion of 2.5 mg of 

genomic DNA with two frequent cutters, HinfI and MspI, selected also based on the 

relative cost/unit. The most efficient and widely-used system to separate DNA 

fragments by size is agarose gel electrophoresis, but its limited capacity (~30 

μg/well) is not compatible with the large amount of starting material required for 

telomere enrichment. We therefore decided to use sucrose gradient centrifugation 

which is deal for our protocol since it allows for efficient resolution of high amounts 

of DNA, whoses sizes can range from less than 1 kb up to 60 kb, and it is gentle on 

DNA, essential to preserve native structures (Weis and Quertermous 2001). 

Digested DNA is therefore loaded on gradient of sucrose solutions (10%-20%-30%) 

and separated by ultracentrifugation, where restriction fragments deposit along the 

gradient according to their size, with smaller fragments collecting first in the lower 

sucrose concentrations, and larger fragments later in higher sucrose 

concentrations. After centrifugation different volumes of the gradient (fractions) were 

collected and an aliquot was loaded on an agarose gel. The fragmented, bulk DNA, 

deposits in the first two fractions where the sucrose concentration is lower, whereas 

long molecules are in the last fractions made of solution with higher concentration 

of sucrose (Figure 1A, top). In order to verify the distribution of the telomeric DNA 

in the gradient, the DNA form the agarose gel was transferred to a membrane and 
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hybridized with a radioactive probe that specifically recognizes telomeric repeats. 

Most of the telomeric DNA is retained among the fragments of the last fractions 

(Figure 1A, bottom). Pooling and concentrating those telomeres-containing fraction, 

we recovered around 200 µg of high molecular weight DNA. Considering the starting 

DNA amount (2.5 mg), at this step the enrichment for telomeres is estimated at 

around 10-fold. This is also confirmed by the dot blot analysis, where the telomeric 

signal intensity in 50 ng of DNA recovered from the sucrose gradient is similar to 

the telomeric signal intensity in 500 ng of bulk DNA (Figure 1C). However, since 

telomeres represent around the 0.1% of all genomic DNA, a 10-fold enrichment 

means that around 99% is non-telomeric DNA, making this sample not suitable for 

EM analysis. Therefore, we introduced a second round of the enrichment in order 

to further enrich for telomeric DNA in which high molecular weight DNA, which was 

recovered from the last sucrose gradient fractions of the first enrichment, is then 

digested with a mix of seven frequently-cutting restriction enzymes and separated 

in a preparative agarose gel. The final sample is recovered from the area of the 

preparative gel containing telomeric repeats (Figure 1B). In order to verify the levels 

of enrichment for telomeric DNA, I blotted defined amounts of DNA of each sample 

on a membrane in duplicate. One membrane was hybridized with a telomeric probe, 

the other with a probe recognizing the mouse long interspersed repeats (L1 

repeats), which should be depleted from the enriched sample (Figure 1C). Telomeric 

repeats were enriched around 1000-fold in the final sample, whereas the signal for 

the L1 repeats is not detectable. Considering that mouse telomeric repeats 

represent around 0.1% of the whole genome, this means that our final samples 

should be made almost entirely of telomeric DNA. In order to verify the enrichment 

level in a more direct manner we combed DNA on glass coverslips before and after 

the enrichment procedure. All DNA fibers were detected with an antibody against 

single-stranded DNA and telomeric fibers were detected with a PNA probe. (Figure 
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1D). In the enriched sample around 80% of the molecules were recognized by the 

telomeric probe consistent with the enrichment values obtained in dot blots. In 

Figure 1 is reported the enrichment procedure performed starting from SV40-Mouse 

Embryonic Fibroblasts (SV40-LT MEFs) is pictured, however we also obtained 

similar results also with Hela1.3 cells, which are human cells with long telomeres 

(Figure 3A), and with U2OS ALT cells (Figure 3). 
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Figure 1. Purification of telomeric repeats from SV40-LT immortalized Mouse 
Embryonic Fibroblasts 
A. First round of enrichment. Top: agarose gel showing the distribution of SV40-LT MEFs 

restriction fragments in sucrose gradient fractions. 2.5 mg of SV40-LT MEFs genomic DNA 

was digested with HinfI and MspI restriction enzymes and separated according to size by 

sucrose gradient ultracentrifugation. ~1/500 of each recovered fraction of the gradient was 

loaded on agarose gel. Bottom: telomeric DNA distribution among sucrose gradient 

fractions. The DNA from the agarose gel (top) was blotted on membrane and hybridized 

with a telomeric-specific probe. Telomeric repeats are found in the high molecular weight 

(HMW) fractions. 

B. Second round of enrichment. Left: gel showing the second restriction digestion. HMW 

DNA of the last four sucrose gradient fractions in (A) were pooled and digested again with 

a mix of 7 restriction enzymes (see Materials and Methods). 1/100 vol of the digestion was 

run in the agarose gel shown. Right: Blot showing that the telomeric DNA remains in the 

HMW area of the gel after the second digestion step. The DNA from the agarose gel (left) 

was blotted on membrane and hybridized with a telomeric specific probe.   

C. Dot-blot analysis showing the enrichment of telomeric DNA at each step of the protocol. 

The reported amounts of DNA are spotted on membrane and hybridized either with a probe 

specific for recognizing the TTAGGG repeats or a probe recognizing the mouse L1 

interspersed repeats. The enrichment level was obtained as telomeric signal/ng of each 

sample relative to the one of the bulk DNA. 
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Figure 2. Single molecule analysis showing telomeric DNA enrichment level.   
Bulk DNA and telomere-enriched sample were combed on silanized coverslips, denatured 

in situ and labeled with an antibody against single-stranded DNA (green) and with a Cy3-

labeled telomeric (TTAGGG)3 PNA probe (magenta). 
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Figure 3. Enrichment of telomeric repeats from human cells. 
A. Dot blots showing the enrichment of telomeric repeats of U2OS and Hela1.3. Genomic 

DNA was subjected to the telomere enrichment procedure shown in Figure 1. The reported 

amounts of DNA from each step are spotted on membrane and hybridized with a probe 

recognizing the TTAGGG repeats. The enrichment level was obtained as telomeric 

signal/ng of each sample relative to the one of the bulk DNA. 

B. Single molecule analysis showing U2OS telomere enrichment. Bulk DNA and telomere-

enriched sample were combed on silanized coverslips, denatured in situ and labeled with 

an antibody against single-stranded DNA and with a Cy3-labeled telomeric (TTAGGG)3 

PNA probe. 
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Electron microscopy analysis of telomere-enriched samples 

We applied the procedure described above to purify telomeric DNA from SV40-

immortalized Mouse Embryonic Fibroblasts (SV40-LT MEFs) in order to analyze 

their structure by electron microscopy (EM). EM provides nm-scale resolution for 

the imaging of DNA structures and has been widely used in the past to describe the 

fine structure of key intermediates in DNA metabolism, such as DNA replication 

forks or nucleosome distribution, in different systems ranging from bacteriophages 

to mammalian cells (Inciarte, Salas, and Sogo 1980; Lucchini and Sogo 1995; Sogo 

et al. 1986). In order to preserve DNA structures by preventing branch-migration 

during DNA manipulation, prior to cell lysis and deproteinization steps we applied in 

vivo inter-strand crosslinking with psoralen (Lopes 2009). We performed four cycles 

of crosslinking with trimethylpsoralen (TMP) followed by irradiation with 365 nm light, 

where first TMP intercalates within duplex DNA and then it is photoactivated by 365 

nm UV to generate covalent inter-strand linkage. Previous EM analysis of telomeres 

were done with the cytochrome C spreading method that involves thick coating of 

DNA molecules with a basic protein (CytC). Whereas, our samples were prepared 

with the “BAC method”, collected on carbon-coated EM grids, stained with uranyl 

acetate and rotary shadowed with platinum (Lopes 2009) (see Material and 

Methods). The low molecular weight of the spreading agent (BAC), compared to 

protein-based methods, allows a better visualization of details of secondary 

structures and to appreciate differences in thickness between single-stranded and 

double-stranded DNA regions. Our telomere-enriched samples resulted to be 

suitable for EM analysis, generally clean and with a good contrast, indicative of 

clean DNA preparation. Molecule length range from 2 to 40 kb (Figure 4), compatible 

with telomere length, but it is likely affected also by unavoidable mechanical 

fragmentation of the genomic DNA during preparation. However, the consistent 

presence of long DNA fragments means that our protocol does not cause excessive 
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mechanical fragmentation of the DNA. During EM analysis of our samples we 

detected molecules with t-loops (Figure 5). T-loops are a conserved telomeric lariat 

structure that are generated through the invasion of the 3’-overhang into the double 

stranded telomeric DNA (Griffith et al. 1999). They have been visualized by electron 

microscopy, in telomeric-enriched DNA preparation as previously discussed, in 

mouse and human cells but also in trypanosomes, ciliates, plants, C. elegans and 

in Kluyveromyces lactis (yeast) (Griffith et al. 1999; Nikitina and Woodcock 2004; 

Munoz-Jordan et al. 2001; Murti and Prescott 1999; Cesare et al. 2003; Raices et 

al. 2008; Cesare et al. 2008). Counting the occurrence of t-loops in our preparation, 

as expected, we found higher incidence in the samples enriched for telomeric 

repeats compared to the bulk DNA (Figure 5B).  In literature the t-loop frequency is 

reported to range from 15% to 40%, whereas our samples have t-loops frequency 

of around 5%. It is possible that t-loop visualization in EM is limited by the density 

of psoralen-crosslinking. T-loops are formed by the strand invasion of the 3’-

overhang that in mammalian cells is around 50-500 nt (Palm and de Lange 2008). 

If an inter-strand crosslink does not occur at least once at the t-loop junction, t-loops 

would be resolved during the protocol enrichment. Given that psoralen crosslinking 

is limited by protein binding, it is possible that proteins that associate with the t-loop 

junction, might limit crosslinking and stabilization of t-loops (Wellinger and Sogo 

1998).  During the setting of the protocol for telomeres purification we tried to 

increase both the amount of psoralen and the cycles of crosslinking, but we 

observed that the digestions steps and the consequent levels of enrichment were 

negatively affected.  We therefore proceeded in the analysis by electron microscopy 

of the telomere enriched samples, relative to the bulk DNA, in order to identify 

specific telomeric structures or intermediates. 

 

 



 63 

 

 

 

 

 

 

 

 

 
 
Figure 4. Molecule length distribution in telomere-enriched sample in electron 
microscopy. 
Molecule length distribution of a representative telomere-enriched sample. N=1516 

molecules. 
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Figure 5. T-loops in telomere-enriched sample. 
A. Examples of molecules with t-loops observed by EM in telomere-enriched samples. The 

area in yellow rectangles is showed enlarged two times in insets. 
B. T-loops percentage in the bulk genomic DNA sample compared to the telomere-enriched 

sample. Bars represent the mean with the standard deviation. 
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Intramolecular loops enriched in telomeric DNA 

Apart from the classical telomeric structures, we noticed that telomere-enriched 

samples had a high incidence of molecules containing internal loops (i-loops; Figure 

6). These i-loops are distinct form t-loops since they do not appear to engage DNA 

ends but rather involved crossing of the internal regions of the DNA molecules. We 

considered the possibility that their formation could be due to random folding during 

the DNA preparation and spreading of the sample for the EM. To test this possibility, 

we decided to spread in parallel telomere-enriched DNA and is relative non-

enriched genomic DNA control, which was fragmented at similar size by restriction 

enzyme digestion. The frequency of molecules with i-loops was analyzed in samples 

obtained from three independent experiments. SV40-LT MEFs telomere-enriched 

samples, resulted to contain around 14% of molecules with at least one internal 

loop, whereas in the fragmented genomic DNA they represent around the 3% 

(Figure 6B). We also test if this difference can be appreciated preparing telomere 

enriched sample using an alternative spreading method, the Kleinschmidt method 

(Kleinschmidt and Zahn 1959). Differently from the BAC method, where DNA is mixed 

with formamide and spread on a large water surface (hypophase), the Kleinschmidt 

method consists in the mix of the DNA with cytochrome C, a protein that will form a 

thick coating on the molecules, and incubated as droplet. Same preparations (both 

bulk DNA and telomere-enriched) were spread in parallel with the two methods and 

EM images where analyzed for the presence of molecules containing internal loops 

(Figures 7 and 8). Even in Kleinschmidt spreads, we detected molecules containing 

i-loops and their quantification reveal an accumulation of these molecules in 

telomere enriched samples compared to the bulk DNA, although the background 

level was higher than the BAC spreading (Figure 8), therefore we concluded that 

BAC method remains the more suitable for our investigation about the nature of 

these loops. Importantly, these data confirm that internal loops are not an artefact 
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caused by the EM spreading procedure but characterize telomere-enriched 

preparations. Furthermore, we considered the possibility that accumulation of i-

loops could be a consequence of our telomere-enrichment procedure per se, rather 

than being a biological feature of telomeric repeats. To test this possibility, we 

performed a mock enrichment procedure, where genomic DNA from SV40-LT MEFs 

was subjected to all the steps of the protocol but omitting the restriction enzymes. 

The final sample was prepared for EM analysis where we found that internal loops 

occur on around the 5% of the counted molecules (N=927 molecules). From this 

experiment we concluded that the abundance of the i-loops at telomeric repeats 

cannot be simply attributed to the telomere enrichment procedure. Apart from 

mouse telomeres, we found molecules with internal loops also in human cells with 

long telomeres, Hela1.3, and similarly to what we observed in SV40-LT MEFs 

preparations, they accumulate in telomeric DNA enriched samples compared to 

genome wide (Figure 9). In both SV40-LT MEFs and Hela1.3, i-loops resulted to be 

variable in size: in SV40-LT MEFs ranged from 0.2 to 2.5 kb with a median size of 

1.6 kb, similar size distribution was observed in the Hela 1.3 i-loops (Figure 10 A). 

In SV40-LT MEFs samples we also looked at i-loops distribution and in around of 

55% of the molecules occur a single i-loop, whereas the remaining 25% is 

represented by molecules with two or more i-loops (Figure 10 B). The i-loop 

frequency reported above was estimated by analyzing large fields of EM grids 

acquired at low magnification (16500X) that is sufficient to identify the topology the 

molecules. In order to better visualize the fine structure of the i-loop junctions, we 

acquired single i-loops images at higher magnifications (8700X to 135kX) in SV40-

LT MEFs telomere enriched samples (Figure 11). We noticed that often, at the level 

of i-loops junctions or in close proximity, there are single-stranded gaps, discernible 

from double-stranded DNA since appear as thinner tracts (Figure 11, red arrows). 

We counted the occurrence of this conditions and resulted that one in four i-loops 
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had single-stranded regions at the level of the junction whereas another 20% occurs 

close to gap, where sometimes is possible to observe a small flap of DNA (Figure 

11, red asterixis). These observations, together with the consideration that 

telomeres are made of repetitive elements, lead us to hypothesized that i-loops 

could form in the presence of single-stranded DNA damage at telomeric repeats. 
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Figure 6. I-loops enriched at SV40-LT MEFs telomeric DNA. 
A. Examples of molecules containing i-loops acquired in SV40-LT MEFs telomeric-enriched 

samples by EM, obtained with the procedure described in figure 1. Insets show 2X 

enlargement of i-loops contained in yellow rectangles. 

B. I-loop quantification in bulk genomic DNA and telomere-enriched samples coming from 

EM analysis of three independent experiments. Bulk DNA was prepared digesting genomic 

DNA with KpnI that produce DNA fragments of 10 kb in average. 
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Figure 7. I-loops in Kleinschmidt and BAC EM spreading. 
A-B. Mouse genomic DNA was fragmented by restriction digestion with KpnI and spread 

either with the Kleinschmidt method (A) or with the BAC method (B). Representative EM 

images of both linear and i-loop-containing molecules from the two spreading. 
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Figure 8. Accumulation of molecules with internal loops in Kleinschmidt and BAC 
EM spreading. 
A. I-loop density, calculated as number of i-loop each 10Kb in each sample. Each dot 

represents a molecule and bars represent the standard deviation. The number of molecules 

analyzed for each is reported in the last lane of table D. 

B. I-loop occurrence in Kleinschmidt and BAC spreading of the KpnI-digested SV40-LT 

MEFs DNA. The first line reports the frequency of i-loop (i.e. the cumulative number of i-

loops encountered/cumulative molecule length). The second lane reports the percentage of 

molecules containing at least one i-loop. The last row indicates the number of molecules 

analyzed for each sample. 
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Figure 9. I-loops in Hela1.3 telomere-enriched sample. 
A. Representative EM images of i-loops observed in telomere-enriched sample of Hela1.3. 

Insets show 2X enlargements of the area inside the yellow rectangles.  

B. I-loop quantification in non-enriched genomic DNA and in telomere-enriched Hela1.3 

samples. Bulk DNA N-1510, telomere enriched N= 239. 
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Figure 10. I-loops analysis in telomeric DNA of SV40-LT MEFs telomeric and Hela1.3. 
A. I-loops size distribution in telomeric DNA of SV40-LT MEFs (N=342 i-loops) and Hela1.3 

(N=28 i-loops). 

B. Distribution of number i-loops/molecules in SV40-LT MEFs telomeric DNA. N= 266 

molecules with i-loops. 
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Figure 11. I-loops forms in proximity to single-stranded damage. 
EM images at high magnification of i-loops observed in telomere-enriched sample. Insets 

shown 2X enlargement of i-loops junctions. Red arrows indicate regions of single-stranded 

DNA and asterisks point to DNA flaps. 
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I-loops represent the most frequent structures detected at ALT telomeres 

The occurrence of i-loops next to tracts of single stranded DNA directed our 

attention to ALT cells, since it has been reported that they accumulate single-

stranded damage at telomeric repeats, such as nicks and gaps (Nabetani and 

Ishikawa 2009; Wang, Smogorzewska, and de Lange 2004). ALT telomeres have 

been extensively studied in 2D-gel electrophoresis, where DNA is separated in a 

first dimension according to their size followed by a second run where DNA 

migration is influenced by the structure. ALT telomeres in 2D-gel reveal an unusual 

arc, named t-circle, initially described as open (containing nick) circular double 

stranded DNAs (Cesare and Griffith 2004; Wang, Smogorzewska, and de Lange 

2004). However, upon close inspection, t-circle arc migration is close, but not exactly 

overlapping with the migration of open circular DNA markers (double-stranded 

circular DNA containing nick), suggesting that the molecules that generate the t-

circle arc may not be simple open circular DNA species but a more complex one 

(Nabetani and Ishikawa 2009).  Since i-loops include a circular shape that might be 

compatible with the migration in the t-circle arc, we decided to apply our procedure 

to purify the telomeres from the t-circle area in order to visualize their structure by 

EM. For this purpose, we performed a large-scale genomic DNA extraction from 

U2OS (ALT) cells and telomeric DNA was purified with the procedure described 

above except for the second round of enrichment where DNA, after the second 

round of digestion, was separated in 2D gel instead of a preparative agarose gel 

(Figure 12). This step allowed us to extract directly from the gel, and separately, the 

DNA accumulated in the t-circle area and the one migrated as linear. In order to 

verify the level of enrichment for telomeric DNA in this setting, we performed dot blot 

analysis using as representative of the second round 1ng of the linear sample since 

the amount DNA recovered from the t-circle area was too low. Our final samples 

resulted to be properly enriched for telomeric repeats therefore optimal for EM 
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analysis. As expected, the DNA from the t-circle area was enriched for structured 

molecules (Figure 13). Specifically, around 9% of the molecules of the t-circle arc 

are circular (Figure 13 and 14), and 28% of these show a single-stranded gap 

(Figure 14, red arrows) confirming previous observations about accumulation of 

double-stranded (t-circles) and partially single-stranded C-circles in ALT cells 

(Wang, Smogorzewska, and de Lange 2004; Cesare and Griffith 2004; Henson et 

al. 2009). However, over 40% of all the molecules recovered from the t-circle area 

were molecules containing one or more i-loops (Figure 13 and Figure 14), 4-fold 

more abundant than telomeric circles. I-loops were largely found in otherwise linear 

molecules, although some of them were found also in molecules having a t-loop at 

the end, or at branched molecules. Considering that about 40% of the molecules 

recovered were linear, i-loops represented overall ~80% of the structures detected 

in the t-circle arc. To note that the presence of linear molecules in the material 

purified from the t-circle area could be due to imperfect separation of large amounts 

of genomic DNA in agarose gel and in part to structure resolution during the isolation 

from 2D gel. It is not uncommon that in EM preparation of genomic DNA recovered 

from areas of 2D gels where should be only structures there are linear 

“contaminants”. For example, a similar approach applied to study of meiotic 

recombination intermediates in yeast, yielded around 60%-80% of linear molecules 

isolated from an area of the gel where structured DNA migrates (Cromie et al. 2006). 

Interesting, focusing our attention on the analysis of the i-loops in t-circle sample, 

we observed that, similarly to what was seen in SV40-LT MEFs telomeres, ALT i-

loops often occur in close proximity to strand damage (Figure 9 D, red arrows). 

These results provide direct evidence that different structures, including telomeric 

circles, t-loops and replication intermediates can populate the t-circle arc in ALT 

cells however, molecules containing one or more i-loops are the majority of DNA 
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structures detected in this arc. The frequent proximity of i-loops to single-stranded 

gap suggests that telomere damage is involved in the i-loop formation. 

 

 

 

 
 

Figure 12. U2OS telomeric DNA purification from 2D gel. 
Telomeric DNA from U2OS cells was purified using the protocol described in Figure 1, 

except for the separation in 2D gel instead of preparative agarose gel in the second round 

of enrichment. The area of the t-circle and of the linear signal were excised and DNA 

recovered for EM analysis. Dot blot analysis: indicated amounts from each step were 

spotted on membrane and hybridized with a probe recognizing TTAGGG repeats. The DNA 

used as second round spot is the linear sample. The level of enrichment is indicated as 

amount of signal/ng reported relative to the non-enriched DNA. 
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Figure 13. I-loops are the most represented telomeric structures in ALT cells. 
The pie chart showing the distribution of the molecules recovered from 2D gel. Percentage 

of the three major categories are highlighted, whereas in the table is reported the detailed 

sub-distribution of each category.  
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Figure 14. Telomeric structures from the t-circle area include telomeric-circle. 
Examples of circular molecules visualized in the EM analysis of the DNA recovered from 

the t-circle area. Red arrows point to single-stranded regions. 
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Figure 15. I-loops are the most represented telomeric structures in ALT cells. 
Examples of molecules with i-loops found in the DNA purified from the t-circle arc. 2X 

enlargement of the area inside yellow rectangle in shown in the insets. Red arrows indicate 

single-stranded regions at the junctions. 
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I-loops formation is induced by single-strand damage at telomeric DNA 

Based on the occurrence of i-loops close to single-stranded gaps and their 

abundance in the t-circle arc in ALT cells, we hypothesized that i-loops could be 

associated with telomere damage. Therefore, we asked if damaging telomeric DNA 

we can induce i-loop formation. To test this possibility, we set up experiments with 

the DNase I enzyme, which induces both nicks and gaps (Riley 1980). In order to 

monitor i-loops formation in a condition resembling in vivo situation, where DNA is 

still bound by proteins in chromatin state, we used SV40-LT MEFs nuclei. SV40-LT 

MEFs nuclei were incubated with increasing concentration of DNase I, the reaction 

was stopped, DNA was extracted and separated by 2D gel electrophoresis (Figure 

16 A). The telomeric DNA coming from the mock treatment, as expected, resulted 

to be mainly linear (Figure 16 A, black arrow), whereas after the DNase I-treatment 

in addition to the linear arc, telomeres show an accumulation of the t-circle signal 

(Figure 16 A, yellow arrows). The increasing intensity of the t-circle arc with the 

treatment is confirmed by the ratio of the t-circle and the linear signal quantification 

relative to the untreated sample. We wanted then to verify if this structural transition, 

is specific for telomeric repeats or is a general feature of nicked DNA. Therefore, I 

performed a similar experiment where SV40-LT MEFs nuclei undergo to mock or a 

DNase I treatment and the recovered DNA was separated in duplicate in two 2D 

gels. After blotting, one membrane was hybridized with a telomeric probe, while the 

other with a probe recognizing the mouse L1 interspersed repeats (Figure 16 B). 

The telomeric DNA in the DNase I-treated sample generated the t-circle arc as 

observed previously, while the L1 repeats did not show the same structural transition 

remaining represented entirely by linear molecules. Moreover, representative 

ethidium bromide pictures coming from a single second-dimension gel (both were 

equal) has been reported as genome wide profile where DNA is made only by linear 

molecules both in the not treated condition and after DNaseI treatment. These 
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results underlined the peculiarity of the accumulation of the t-circle arc after DNaseI 

treatment for telomeres. In addition, we investigated if the same structural transition 

in response to DNaseI treatment occurs also in human (non-ALT) cells with different 

telomere length. For this purpose, we used Hela 204 with short telomeres (2-4 kb), 

HTC75 where telomeric DNA in average is around 4-8 Kb and Hela1.3 cell line with 

long telomeres (in average 20 kb long) (Figure 17 A). Nuclei of each cell line were 

treated with DNase I, similarly to what performed for SV40-LT MEFs and the 

recovered DNA was separated in 2D gels to monitor the presence of the t-circle arc 

(Figure 17 B). If in response to the mock treatment telomeres are all in the linear 

conformation, after the DNase I nicking the t-circle arc was visible in all the cell lines 

(Figure 17 B, yellow arrows). Interestingly, we observed a relation between the 

accumulation of the t-circle signal and telomere length where the induction of the 

arc strongly decreased in shorter telomeres. Since these results were obtained 

treating DNA in nuclei, we asked if the chromatin environment or any chromatin-

associated factors are required for the generation of those telomere structures that 

migrates in the t-circle arc. To answer this question, I performed mild DNaseI 

treatment on isolated, protein-free, genomic DNA extracted from SV40-LT MEFs 

cells. As performed in nuclei, I used increasing amounts of DNaseI and after the 

inhibition of the reaction, the DNA of each condition was separated in 2D gel and 

hybridized with a telomeric specific probe (Figure 18 A). Surprisingly, the treatment 

on protein-free DNA induced a strong accumulation of the arc signal, similarly to 

what observed with the treatment in nuclei. Differently from the experiments 

performed in nuclei, also in the mock treatment there is a faint arc signal, probably 

due to telomere nicking during extraction and manipulation. However, the ratio 

between the arc and the linear signals of each samples compared with the mock 

treatment show that the t-circle arc is more than the double after DNaseI treatment. 

Then, starting from the same bulk of genomic DNA, I repeated this experiment with 
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double amounts, in order to split each sample in half and run two 2D gels. Each gel 

was transferred on a membrane, one hybridized with telomeric probe and the other 

with a probe recognizing the mouse L1 repeats. Similarly, to the result obtained with 

the DNaseI digestion in nuclei, also in this setting, the arc induction is not a general 

feature of nicked DNA, but occurs at telomeric repeats and not in L1 repeats or at 

bulk genomic DNA (Figure 18 B). These results demonstrated that t-circle arc can 

be generated even in absence of telomeric circles and, it may, represent an intrinsic 

ability of telomeric repeats to undergo structural transitions in the presence of 

damage. Having established that telomere damage is sufficient to promote the 

formation of the t-circle arc in 2D gels, we wanted to verify the nature of the telomere 

structures that accumulate in response to DNaseI nicks. For this purpose, I set up 

a large scale DNaseI treatment on SV40-LT MEFs nuclei in order to purify telomeric 

DNA and analyze it by EM. Around 500x106 of SV40-LT MEFs nuclei were 

incubated with buffer (mock) or with DNaseI, DNA was extracted after psoralen 

crosslinking and processed for telomeric DNA purification following the procedure 

described in Figure 1. I obtained final samples represented by around the 50% of 

telomeric molecules (Figure 19 A) that were spread and analyzed in EM. Telomere 

damage induced by DNaseI lead to three-fold increase in i-loops formation 

compared to the mock treatment, whereas i-loops levels in the bulk genomic DNA 

after treatment remain basal (Figure 19 B,C). These experiments provide a clear 

evidence that telomere damage is sufficient to induce i-loops formation that are 

responsible for 2D-arc generation in 2D gel. 
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Figure 16. T-circle arc is induced by DNA damage in non-ALT cells. 
A. 2D gels showing the strong induction of the t-circle arc (yellow arrows) at telomeres by 

nicks and gaps induced by DNaseI treatment of SV40-LT MEFs nuclei. The ratio between 

the t-circle arc and the linear signal (black arrow) is reported as relative to the untreated 

sample, arbitrarily set to 100. 

B. 2D profile of SV40-LT MEFs DNA untreated or treated in nuclei with DNaseI for telomeric 

repeats, L1 mouse highly repeated sequence and genome wide (ethidium bromide). 

Ethidium bromide profiles were equally representative and only one is reported. t-circle arc 

is specifically induced at telomeric DNA. 
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Figure 17. T-circle arc induction is related to telomere length in human non ALT cell 
lines. 
A. Blot of AluI- and MboI-digested DNA showing telomere lengths for the indicated human 

cell lines. 

B. T-circle arc induction (yellow arrows) by DNaseI treatment at human non ALT telomeres. 

Shorter are the telomeres, weaker is t-arc induction.  
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Figure 18. T-circle arc is induced also by DNA damage on purified DNA. 
A. 2D gels showing the induction of the t-circle arc at telomeres by DNaseI treatment of 

SV40-LT MEFs extracted genomic DNA. T-circle arc can form spontaneously at telomeres. 

The ratio between the t-circle arc and the linear signal is reported as relative to the untreated 

sample, arbitrarily set to 100. 
B. DNase I treatment on isolated DNA does not induce the t-circle arc in the bulk genomic 

DNA or at the L1 repeats. Ethidium bromide profiles were equally representative and only 

one is reported. 
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Figure 19. I-loops are induced by telomere damage in non ALT cells. 
A. Level of telomeric DNA enrichment after large-scale DNaseI treatment. Around 500x106 

SV40-LT MEFs nuclei were treated either with 5 µg/ml of DNaseI or without for 8 minutes. 

The recovered DNA was processed to purify telomeric repeats with the procedure described 

in Figure 1. The reported amounts of DNA are spotted on membrane and hybridized either 

with a probe specific for telomeric repeats. The enrichment level was obtained as telomeric 

signal/ng of each sample with to the one of the bulk DNA.  

B. I-loops accumulation observed by EM analysis in telomeric DNA, untreated or DNaseI-

treated, and in genomic DNA digested with KpnI after DNaseI treatment (bulk).  
C. Examples of molecules with i-loops observed in the DNaseI-large scale enrichment 

experiment described above. 2X enlargement of the area inside yellow rectangle in shown 

in the insets. 
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The formation of i-loops requires branch migration 

Considering that single-stranded damage is sufficient to induce i-loop formation and 

that the damage resulted often to be at level of the i-loop junction or in close 

proximity, we hypothesized that these structures involve strand-annealing and 

branch migration at damage site, favored by the high level of homology of the 

telomeric repeats. To investigate this hypothesis, I applied the system normally used 

for EM analysis to prevent branch migration, the psoralen inter-strand crosslinking, 

before DNaseI treatment. If the formation of i-loops after DNaseI damage result to 

be sensitive to crosslinking, could confirm that events of strand invasion and branch 

migration are actually required. SV40-LT MEFs DNA was crosslinked in nuclei prior 

to DNaseI treatment. After DNA extraction, for each sample we monitor the 

telomeric 2D-gels profiles. While the non-crosslinked samples showed the expected 

induction of the t-circle arc, this signal was strongly inhibited in the crosslinked 

sample (Figure 20 A). This was also confirmed by the ratio of the t-circle and the 

linear signal quantification relative to the untreated sample. However, here the t-

circle arc formed in response to DNA damage induced in vitro by DNase I treatment. 

In order to confirm that this induction occurs also in response to telomeric DNA 

damage present in vivo and not only in response to eventual nicking due to DNA 

manipulation, we applied the same approach to ALT cells, where we found that i-

loops represent the main telomeric structures forming the t-circle arc. An equal 

number of U2OS cells were processed in parallel and one pool was crosslinked prior 

to cell lysis. Extracted DNA from both untreated and crosslinked samples was 

separated in 2D gel, and hybridized for telomeric DNA (Figure 20 B). The t-circle 

arc of U2OS is not affected by psoralen crosslinking, confirming that i-loops are 

present in vivo in ALT cells. We therefore conclude that i-loops are a telomeric 

structure that can spontaneously form at damaged sites and their formation is likely 
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driven by the extreme abundance of sequence homology which favor strand 

invasion and branch migration events. 

 

 

 

 

 

 
 
Figure 20. I-loops formation after DNA damage requires branch migration. 
A. i-loops accumulation at SV40-LT MEFs telomeres is sensitive to crosslinking. A 

preparation of SV40-LT MEFs nuclei was equally split in two and one half undergo psoralen-

crosslinking (that prevent branch migration). Both crosslinked and untreated sample were 

divided in three and two part of each treated with increasing concentrations of DNaseI. DNA 

from each sample was separated in 2D, transferred on membrane and hybridized with 

telomeric probe. The ratio between the t-circle arc and the linear signal is reported as 

relative to the sample not treated with DNaseI of each setting, arbitrarily set to 100. 
B. i-loops accumulation at ATL telomeres is not affected by crosslinking. As for A, pool of 

U2OS cells were split in two where half experience psoralen crosslinking. Both genomic 

DNAs were extracted and processed for 2D-gel. The ratio between the t-circle arc and the 

linear signal is reported as relative to the crosslinked samples, arbitrarily set to 100. 
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I-loops are a substrate for the generation of telomeric circles 

We showed that i-loops form in response to single-stranded DNA damage and that 

their formation requires events of strand invasion and branch migration. Telomeric 

DNA is made of short motif repeated in tandem for several kilobases providing a 

context with high level of sequence homology. Therefore, our hypothesis is that at 

telomeric repeats, any single-stranded gap could find a favorable contest for strand 

invasion or exchange at any other region of the telomere, promoting i-loop 

formation. Specifically, we propose two models that differs for the position of the 

starting single-stranded gaps (Figure 21). Two gaps occurring on opposite telomeric 

strand (i.e., one gap on the G-strand and one on the C-strand of the same telomere) 

can come in close proximity by looping of the molecule and base pairing could be 

favored by the complementarity of the sequence. Strand rotation can lead to 

plectonemic pairing (the pairing of single strands in a linear double-stranded tract) 

forming the junction of i-loops. The junction than could migrate as hemicatenane 

and generate a double Holliday junction simply by pairing of the opposite strands 

(Figure 21 A). Similarly, if two gaps occur on the same telomeric strand (i.e. both 

gaps on the G or on the C strand of the same telomere) and come in proximity by 

DNA looping, could undergo directly to strand exchange due to complementarity of 

the sequence, resulting in an i-loop with a single Holliday junction at the base (Figure 

21 B) (Haider et al. 2018). These models are similar to the initial recombination 

model of Robin Holliday, where strand exchange was proposed to occur at level of 

single-stranded DNA tract expose in opposite homologous chromatids that can 

anneal or with the complementary strand form the other chromatid (Holliday 1964).  

T-loops are formed through strand invasion of the single-stranded 3’ telomeric 

overhang into the double-stranded part of the telomere, forming a three-way junction 

at the base of the t-loop (see Figure 5B Introduction). Previous work has suggested 

that limited branch migration at level of the t-loop junction can generate Holliday 
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junction that, if not protected by TRF2, can be resolved by HJ resolvases leading to 

t-loop excision and telomere truncation (Wang, Smogorzewska, and de Lange 2004; 

Schmutz et al. 2017). Following our i-loop model and based on what was already 

suggested for unprotected t-loops, we hypothesized that also i-loops could be 

substrate for Holliday junction resolvases. If this is the case, then 50% of the events, 

when the i-loop junction resolution involved the cleavage on the horizontal axis 

(Figure 22 A, red arrows), would result in the generation of extrachromosomal 

telomeric circles and consequent telomere erosion (Figure 22 A). To note that the 

released circles would contain both a nick and one of the gaps that initially 

generated i-loop. To test if actually i-loops are a substrate for the generation of 

telomeric circles, we applied a biochemical approach where we provided genomic 

DNA containing i-loops to nuclear extracts. SV40-LT MEFs extracted genomic DNA 

was subjected to DNaseI treatment, that we previously demonstrate to be sufficient 

to generate i-loops, and after purification was incubated at 37˚C with Hela nuclear 

extract for 30 min. Since, among other enzymatic activities, also HJ resolvases 

requires availability of both ATP and Mg2+, we include extra controls, performing the 

reactions depleting one or the other. The same procedure was applied in parallel to 

the same genomic DNA in native condition as negative control. The recovered DNA, 

after phenol-chloroform extraction, was subjected to C-circle assay (in absence of 

a telomeric primer) that allows to monitor the accumulation of telomeric circles 

containing nicks or small gaps (Henson et al. 2009) (Figure 22 B). C-circle assay 

consist in the rolling circle amplification of partially double-stranded telomeric circles 

by the Phi29 DNA polymerase which is auto-primed by the presence of nick or gap 

at telomeric circles and results in a long telomeric single-stranded DNA 

concatemers. The assay refers to C-circles since G-circles, even if specific for ALT 

cells as C-circles, are 100-fold less abundant (Henson et al. 2009) To define the 

specificity of the Phi29 amplification, the c-circle assay was performed in double, 
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where in one set the enzyme was omitted from the reaction. This control, moreover, 

allow to define the effective amount of DNA loaded on the membrane representing 

the basal signal of the sample. After nuclear extract incubation and rolling circle 

amplification, the DNA was blotted on membrane and hybridized in native condition 

with a telomeric probe in order to selectively detect single-stranded telomeric 

products. The accumulation of telomeric circles, represented by the increased 

intensity of the signal, occur only where DNA is both treated with DNaseI and 

incubated in nuclear extract whereas after the single treatments, amplification did 

not occur (Figure 22 C, D). Importantly, the no Phi29 control confirms that this 

increment of the signal is not dictated by a different amount of DNA of that specific 

sample. Moreover, this accumulation is dependent on the presence of both ATP and 

Mg2+, consistent with the possible involvement of a Holliday junction resolvase 

(Figure 22 C). This result confirm that i-loops are a substrate for the generation of 

extrachromosomal telomeric circles which involves reactions resembling HJ 

resolution and define i-loops as potential intermediates of telomere damage, leading 

to extrachromosomal telomeric circle generation and in telomere deletion. 
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Figure 21. Model for i-loop formation starting from single-stranded damage. 
A. Single-stranded damages on opposite strands. Step1: exposed complementary DNA 

come in close proximity by DNA looping. Step2: strand rotation promotes base pairing 

leading to i-loop formation. Step3: branch migration as hemicatenane DNA. Step4: pairing 

of the opposite strand and formation of double Holliday junction. 

B. Single-stranded damages on the same strands. Step1: exposed complementary DNA 

come in close proximity by DNA looping. Step2: strand exchange is promoted by the 

complementarity of the exposed DNA. Step3: i-loop formation with a single Holliday 

junction. Step4: eventual branch migration. 

 

 



 93 

 

 

 

 
 
Figure 22. I-loops are a substrate for the generation of telomeric circles. 
A. Model of i-loop excision by Holliday junction resolution: horizontal cleavage of i-loop 

junction (arrows) leads to the formation of telomeric circle containing a nick and one of the 

two original gap and the loss of telomeric repeats. 

B. Experiment procedure used to test the model shown in (C). Protein-free isolated SV40-

LT MEFs DNA was treated with DNaseI, in order to induce i-loops formation. After 

extraction, DNA was incubated with Hela nuclear extract at 37ºC for 30 minutes in order to 

allow Holliday junction resolution. The recovered DNA was subjected to rolling circle 

amplification. 

C. Telomeric signal of C-circle assay products (D) in dot blot. After rolling circle amplification 

the DNA was blotted on membrane and hybridized with telomeric probe. 

D. Telomeric signal quantification of C-circle products in dot blot of three independent 

experiments performed as described in (D). The quantification reported is relative to the 

untreated sample (no DNaseI, no extract), set to 1. Bar represent the mean with the 

standard deviation.  
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We developed a new protocol for the purification of telomeric DNA that allowed to 

investigate telomere structure using electron microscopy (EM). Our samples are 

characterized by the expected telomeric features, such as t-loops and molecules 

ending with a single-stranded tract whose length was consistent with that reported 

for the 3’-overhang, and by replication intermediates (replication forks). We 

identified then a new category of telomere structures, loops that occur at internal 

regions, the i-loops. They accumulate specifically at telomeric repeats and we make 

all the controls to exclude them as artefacts of the enrichment procedure or of EM 

sample preparation. Investigating about the nature of these structures, using EM at 

high magnification, we noticed that they often occur in proximity of single-stranded 

DNA tract, leading us to hypothesize that they could be involved in telomere 

damage. Actually, we showed that i-loops accumulate at telomeres of both mouse 

and human cells as consequence of induced single-stranded DNA damage. 

Moreover, i-loops represent the majority of telomere structures in ALT tumor cells, 

where telomeres experience endogenous telomere damage. Providing DNA 

containing i-loops to a nuclear extract, we demonstrated that i-loops are a substrate 

for the formation of telomeric circles. Based on these results, we developed a model 

in which i-loops form starting by strand exchange at level of DNA damage and after 

branch migration, Holliday junctions can form at the base of the loop that can be 

resolved leading to formation of extrachromosomal telomeric circles and shortened 

telomere. 

 

I-loops in DNA damage-induced telomere erosion 

I-loops are related to telomere damage that have important roles in telomere 

erosion. However, the molecular mechanisms that translate telomere damage in 

telomere shortening are not well understood (Petersen, Saretzki, and von Zglinicki 

1998; von Zglinicki 2000). Telomere shortening occurs normally and gradually in 
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cells where telomerase activity is suppressed, as in somatic cells, due to the inability 

of the DNA replication machinery to fully replicate the lagging strand (end-replication 

problem) and the 5’ end resection involved in 3’ overhang formation (Huffman et al. 

2000).  The process occurs until the formation of critically-short telomeres, that 

losing their chromosome ends protective function activate the DNA damage 

response (DDR) leading to senescence or apoptosis. Telomere-induce senescence 

limits the tissue regeneration (ageing) and acts as a barrier against tumorigenesis 

(Greenberg et al. 1999; Rudolph et al. 1999; Qi et al. 2003; Feldser and Greider 

2007). On the other end, dysfunctional telomeres can be source a of genome 

instability: when cell-cycle checkpoints are lost and consequently cells continue to 

proliferate in the presence of critically-short telomeres, a condition called telomere 

crisis, the number of unprotected telomeres increase increasing the probability they 

fuse with each other. With the progression of cell cycles, fused chromosomes 

undergo to a series of breakage and fusion (BFB cycle) leading to a wide spectrum 

of cancer-relevant genome alteration (Murnane 2006; Maciejowski and de Lange 

2017). For all these reasons, the understanding of the processes that leads to loss 

of telomeric repeats is important to define causes of accumulation of genome 

instability and cancer transformation. In addition to the gradual erosion, telomere 

loss can occur suddenly and it could be caused by DNA damage. I-loops form as 

consequence of telomere damage and we showed that they are substrates for the 

formation of extrachromosomal telomeric circles, leading consequently to telomere 

shortening. Therefore, the formation of extrachromosomal telomeric circles is a 

process that contributes to telomere erosion. I-loops could link telomere damage to 

telomere erosion and extrachromosomal telomeric circles accumulation, providing 

a mechanism for telomeric circle formation.  
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I-loops as potential obstacle for telomere replication fork progression 

Telomere replication could be another link between telomere damage and the loss 

of telomeric repeats, since telomere replication forks are terminal and their collapse 

at level of damaged sites would promote telomere loss in one division. Besides, 

telomeres behave as replication fragile sites, they repetitive nature make them hard 

to replicate and the presence of secondary structures, such as G quadruplex, the 

tightly bound proteins and the ongoing transcription (TERRA) can represent 

obstacles for the replication forks (Sfeir et al. 2009; Fouche et al. 2006). It has been 

reported that the deficiency of different helicases, such as RTEL1, WRN and BLM, 

as well as nucleases like SXL4 and Fanconi anemia complex increase telomere 

fragility and telomere loss (Vannier et al. 2012; Crabbe et al. 2004; Ding et al. 2004; 

Sarkar and Liu 2016; Joksic et al. 2012). These proteins being recruited at telomeres 

by shelterin components could be directed towards specific structures that 

otherwise could interfere with telomere replication causing collapse and loss of 

telomeric repeats. Frequent formation of i-loops could provide another challenge to 

replication fork progression at telomeric repeats contributing to telomere fragility and 

all the component cited before, might be involved in their resolution or excision as 

extrachromosomal circles in order to preserve telomere replication fork progression.  

 

i-loops excision as sources of extrachromosomal telomeric DNA and telomere 

heterogeneity in ALT cells 

ALT cells are characterized by extreme telomere length heterogeneity, single-

stranded damage accumulation at telomeric repeats and constant presence of 

extrachromosomal telomeric circles (Wang, Smogorzewska, and de Lange 2004; 

Cesare and Griffith 2004; Henson et al. 2009; Bryan et al. 1995; Nabetani and 

Ishikawa 2009). The accumulation of telomeric circles in ALT cells has been also 

associated to the formation of a peculiar arc (t-circle) in 2D gel which is consistent 
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with the migration of circular-shaped molecules. We demonstrated that the telomeric 

arc in 2D gel can be induced also in non-ALT cells after DNA damage and, from the 

same condition, EM analysis revealed that the telomere-enriched samples 

accumulate molecules with i-loops three times more compared to the control and 

the bulk genomic DNA, where i-loops levels remain basal. These results indicate 

that the t-circle signal detected in 2D-gels can form also in absence of circular 

molecules. In order to investigate the different telomeric structures that accumulate 

in ALT cells, we analyzed by EM telomere-enriched DNA extracted from the ALT t-

circle arc and we observed that the most represented structures are molecules with 

i-loops. Since i-loops can form telomeric circles and represent the vast majority of 

the telomeric structures in ALT cells probably due to endogenous telomeric DNA 

damage accumulation, our model could provide an explanation about the 

continuous generation of telomeric circles and, leading to stochastic deletions, 

partially explain the telomere length heterogeneity in these cell lines.  

 

I-loops and telomere length 

Telomeric circle accumulation and telomere heterogeneity was reported also in 

telomerase-positive human cells when telomeric DNA was artificially elongated and 

in stem cells suggesting that the generation of extrachromosomal telomeric circle 

could be a telomere trimming mechanism used to counteract telomere 

overextension (Pickett et al. 2009; Rivera et al. 2017). These data sustain the 

existence of a positive correlation between telomere length and accumulation of the 

telomeric circles. In agreement with this observation, we showed that inducing DNA 

damage in cell lines with different telomere length, the accumulation of i-loops 

strongly decrease with telomere length. 
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I-loops induction or prevention 

The formation of the t-circle arc in 2D, therefore presumably i-loops, is reported also 

in an increasing list of mutants of genes involved in DNA metabolism and telomere 

maintenance like in human somatic cells depleted for Ku86 gene, involved in 

nonhomologous end joining (NHEJ) and in telomere maintenance and mutant for 

the origin recognition complex (ORC) which coordinates DNA replication at most 

chromosome sites but localizes at telomeres with TRF2 (Wang et al. 2009; Deng et 

al. 2007). Even if these mutants apparently seem to be unrelated, following our 

model the accumulation of telomeric damage could be the common feature that 

explains the formation of i-loops and consequently the appearance of the t-circle arc 

in 2D-gels. We demonstrated that i-loop formation requires events of strand 

exchange and branch migration, since it is inhibited introducing DNA inter-strand 

crosslinking, which prevents branch migration, before the induction of the DNA 

damage. In this view, conditions associated with chronic telomere (or DNA) damage, 

such as chemotherapeutics or replication stress, will promote telomere loss through 

the formation of telomeric circles whereas mechanisms that prevent i-loops 

formation at sites of damage, would counteract the accumulation of 

extrachromosomal telomeric circles. As mentioned before, specialize helicases with 

strong involvement in telomere metabolism, such as BLM, WRN and RTEL1 could 

have a role in counteracting i-loops formation by resolution of strand-exchange 

intermediates or by branch migration and dissolution, thereby reducing the 

probability of telomere loss due to i-loop excision (Ding et al. 2004; Crabbe et al. 

2004; Vannier et al. 2012). These mechanisms could not be efficient in ALT cells 

due to the presence of non-canonical variant repeats that are interspersed 

throughout telomeres (Conomos et al. 2012). Apart from specialized factors 

involved in DNA metabolism like helicases and nucleases, i-loop formation could be 

significantly influenced by chromatin context and transcription. Telomeres are 
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known to contain heterochromatin marks like H3K9 trimethylation and HP1, which 

could limit DNA pairing and exchanges at sites of single-stranded damage (Blasco 

2007). In this view it is possible that chromatin relaxation at sites of DNA damage 

could facilitate i-loop formation, and importantly i-loop formation could be more 

efficient during telomere replication when the DNA strands are more exposed to 

pairing and exchange (Hauer and Gasser 2017). Transcription of telomeric repeats 

could also have a profound impact on i-loop formation. The transient displacement 

loop formed during transcription could provide a pairing partner for a site of single-

stranded break. This situation can be aggravated in conditions associated with the 

accumulation of stable R-loops. In this view it is important to notice that transcription 

or R-loops at telomeres will displace and expose the telomeric G-strand, therefore 

it can be predicted that R-loops could contribute to i-loop formation in the presence 

of single-strand damage on the G-strand (Figure 23). 
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Figure 23. Model depicting i-loop formation mediated by R-loop. 
Step1: telomere transcription leads to a transient displacement loop (in yellow, RNA 

molecule) exposing a single-stranded DNA portion can could be a pairing partner for a 

single-strand gap present along the telomeric DNA. Step2: as for the model proposed in 

Figure 21, a single-stranded gap at a different point of the telomeric DNA can come in close 

proximity to the displacement loop. Step3: strand rotation promotes base pairing. Step4: 

branch migration as hemicatenated DNA leads to i-loop formation. 
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Formation of i-loops at other repetitive sequences   

The accumulation of circular DNAs containing highly-repetitive sequences has been 

observed from yeast to human (Cohen and Lavi 1996; Gaubatz and Flores 1990; 

Sinclair and Guarente 1997; Fujimoto et al. 1985). For examples, extrachromosomal 

DNA was reported to contain tandem repeats sequences like satellites, short or long 

interspersed sequences (i.e transposon-like sequences or B1 and L1 in mouse 

genome), or retroviral-like elements. We demonstrated that i-loops form also 

damaging deproteinated DNA, after cell extraction, suggesting that the presence of 

homology sequence is the main requirement to induce the rearrangement at site of 

damage. Similar to telomeric DNA, other classes of tandem repeats could provide 

a homology-rich context where i-loops might occur at level of single-stranded DNA 

tract exposed after DNA damage. Is important to consider that repetitive elements 

with shorter repeated motifs will be more likely to expose complementary sequences 

after DNA damage, leading to higher rate of i-loop formation. For this reason, it is 

reasonable that telomeric DNA with 6-nucleotides repetitive motif could be more 

prone to generate i-loops and consequently extrachromosomal circles compared to 

most other long repeated sequences.  

 

In conclusion, our results suggest that the increase of telomere length increase the 

probability of the loss of telomeric repeats due to the generation of 

extrachromosomal telomeric circles derived from the excision of i-loops formed at 

level of stochastic telomeric damage. This could represent one of the mechanisms 

that explain telomere deletion as consequence of telomere damage, providing an 

important point for the understanding of the sources of dysfunctional telomeres and 

telomere heterogeneity that characterizes different organisms. 
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FUTURE PLANS 

Study of the mechanisms of i-loop formation  

Our model suggests that i-loops form as a consequence of annealing and strand 

exchange events at the damaged site where single-stranded telomeric DNA is 

exposed. Therefore, we expect that i-loop formation is sustained by pathways that 

promote Single-Stranded Annealing (SSA) and homologous recombination, 

whereas it is prevented by those pathways that counteract homology-directed 

repair. Based on this observation, we anticipate that specialized helicases with 

strong involvement in telomere metabolism, such as BLM, WRN and RTEL1 could 

also have a role in counteracting i-loops formation by resolution of strand-exchange 

intermediates or by branch migration and dissolution (Ding et al. 2004; Crabbe et 

al. 2004; Vannier et al. 2012). We are considering to use our telomeric DNA 

enrichment procedure to analyze by electron microscopy which telomere structures 

eventually accumulate in mutants for those kinds of activities in order to understand 

which steps characterize i-loops formation and which mechanisms leads to telomere 

dysfunction. To this aim, I can use 2D-gel electrophoresis as a readout for telomeric 

i-loop accumulation in different mutants in order to select proper candidate for 

telomeres enrichment and electron microscopy analysis. To make this approach 

more effective, I can also extract specifically structured-telomeric DNA from 2D gel 

after the procedure for telomere enrichment, as I performed for U2OS (ALT cells) in 

order to have a higher concentration of telomere structures to compare with the 

linear DNA of the same sample and among DNA coming from different conditions.  

 

Investigation of molecular mechanism of i-loop excision and generation of t-

circles  

In addition to telomere structures analysis, that will allow us to understand the 

molecular steps that lead to i-loop formation, we want also to investigate which are 
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the factors involved in the excision of i-loops and the consequent generation of 

telomeric circles. Until now, the approach used to investigate these aspects was 

mainly based on the monitoring of telomeric circles accumulation in different 

genetics backgrounds. However, in this way it is hard to reveal on which molecular 

step certain factors are involved. Based on our model, we anticipated that the 

excision of i-loops to generate telomeric circles could involve the processing of the 

Holliday Junction at the i-loop junction.  In mammals there are two major mechanism 

of HJ processing: dissolution and resolution. HJ dissolution, that occurs through the 

Blm-TopIII-Rmi1 (BTR) complex which leads exclusively to non-crossover product 

preventing sister chromatid exchange (Wu and Hickson 2003). HJ resolution 

involves two main activities, one dependent on Gen1 nuclease and the other 

dependent on the Mus81/Eme1 - Slx1/Slx4 complexes (West et al. 2015). There are 

contrasting evidences of the role of these pathways in the extrachromosomal 

telomeric circles accumulation (Sarkar et al. 2015; Pickett et al. 2011; Saint-Leger 

et al. 2014; Panier et al. 2019; Verma et al. 2019). In the TRF2ΔB mutant, where 

TRF2 lacks the N-terminal basic domain, but is able to properly bind telomeric DNA, 

and in cells with long telomeres has been reported that XRCC3, factor involved in 

homologous recombination but also in HJ resolution, contributes in these contests 

to telomeric circles accumulation (Pickett et al. 2011; Wang, Smogorzewska, and 

de Lange 2004; Rivera et al. 2017). It has to be considered that all these structure-

specific nucleases are involved in different levels of DNA metabolism, including 

replication, recombination and segregation, therefore is not easy to target one of 

their specific activities in the contest of the cell. We showed that providing DNA 

containing i-loops to a nuclear lysate results in accumulation of extrachromosomal 

telomeric circles and that this reaction requires both Mg++ and ATP, consistent with 

HJ resolution reaction requirement. Considering that this system can recapitulate 

the final step of telomeric circle formation in vivo, by providing different samples with 
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the same DNA substrate (with or without i-loops) we could separate the different 

steps of t-circle formation and provide a tool to investigate the activities necessary 

for the i-loop excision step and telomeric circle generation. In order to identify the 

factors involved in the i-loop excision reaction, we can incubate DNA containing i-

loops in cellular extracts lacking for the activities of interest (i.e BLM, SLX4, GEN1). 

For this purpose, we can immunodeplete proteins from our stocks of nuclear 

extracts or directly prepare extract after deletion/knock-down of the gene of interest. 

However, we have to consider that HJ resolvases activity and cellular localization 

are tightly regulated by post-translational modification, therefore it could be 

necessary to produce cellular extracts starting from a synchronized cell population 

(West et al. 2015). This could also allow to figured out the temporal regulation of 

telomeric circles formation. An extract-based approach has been already used to 

explore for HJ resolution factors, but here we can specifically investigate their role 

in a defined contest and at the level of specific structures. Moreover, we can apply 

this approach also to ALT cells where telomeres are extremely heterogeneous in 

length and characterized by single-strand damage (nicks or gaps), 

extrachromosomal telomeric circles are abundant and provide a diagnostic marker 

(Bryan et al. 1995; Nabetani and Ishikawa 2009; Henson et al. 2009). Comparing 

ALT and non-ALT cells cellular extract with this assay, we could address if 

accumulation of telomeric circles is due to higher i-loop excision reactions or simply 

to do the fact that ALT telomeres contains higher amounts of telomere damage.  

The extract-based assay of i-loop excision, combined with the rolling circle 

amplification of the excised telomeric circles, ultimately leads to a quantitative 

increase in the amount of telomeric signal that is dependent on the efficiency of i-

loop excision. This setting will be exploited in the future for high-throughput 

screening of small molecules that could interfere with i-loop excision. In principle, 

the incubation of i-loop-containing DNA and cellular extract could be performed in a 
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multi-well plate. An aliquot of this reaction could then be used as a template for RCA 

amplification of circular DNA, which has been shown to generate a telomeric signal 

that increases in a linear fashion with the amount of telomeric circles (Henson et al. 

2017). Fluorescent probes could be used to measure signal accumulation during 

RCA in real time (Cawthon 2002). High-throughput quantification of telomeric signal 

could be performed by qPCR, a procedure commonly-used to estimate telomere 

length in different settings (Sethi et al. 2021).This assay could identify potential 

candidate molecules that could stimulate or counteract the excision of i-loops as 

extrachromosomal circular DNA. Since telomeric circles have been shown to 

strongly correlate with ALT activity, this approach might deliver potential candidate 

drugs that counteract the growth of ALT-tumors.   

 

 
EM analysis of telomeric replication intermediates 

Electron microscopy have been widely used to uncover the fine architecture of DNA 

replication forks genome wide from bacteriophages to mammalian cells (Inciarte, 

Salas, and Sogo 1980; Lucchini and Sogo 1995; Sogo et al. 1986). Our procedure 

for telomeric DNA purification provides an important tool to perform the same kind 

of analysis at telomeres, whose proper replication is essential for genome stability. 

Most of the information we have about telomere replication derives from FISH 

analysis on metaphase spreads, 2D gels and in some instances from SMARD 

(single molecule analysis replicating DNA). Thanks to these cytological approaches 

were identified genes required for telomere replication. (Miller, Rog, and Cooper 

2006) showed through 2D gel analysis in Schizosaccharomyces pombe that loss of 

Taz1 leads to stalled telomere replication forks and accumulation of aberrant 

telomeric structures. In mammals, it has been confirmed that in the absence of the 

Taz1 orthologue, the shelterin protein TRF1, telomere replication is impaired leading 
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to telomere aberration like fragility or sister chromatid association (Sfeir et al. 2009). 

Telomere fragility and telomere loss occurs in absence of RTEL1 helicase, which is 

proposed to dismantle secondary structures like t-loop or G-quartets ensuring 

proper telomeric replication fork progression (Vannier et al., 2012. Cell). WRN 

mutants exhibit deletion of telomeres from single sister chromatids at level of the 

lagging strand, suggesting it is necessary for efficient replication of the G-rich 

telomeric DNA (Crabbe et al. 2004). However, it is not known which structures 

accumulate in these mutants and which leads to the fragile phenotype observed in 

FISH analysis. With electron microscopy analysis after telomeric DNA purification, 

we can directly identify replication structures that accumulate at telomeres 

compared to those occurring genome-wide, but importantly at telomeric repeats of 

mutant for genes essential for telomere replication. For example, we can 

hypothesize to find accumulation of reversed forks at telomeric repeats compared 

to genome wide, since telomere are difficult to replicate and behave like replication 

fragile sites (Sfeir et al. 2009). These kinds of results could provide insight about 

how replication occurs also in other replication fragile sites of the genome. 

Therefore, our protocol is an important tool to identify telomere structures that could 

provide information about the molecular mechanisms that characterized telomere 

replication, an essential process to preserve genome stability and counteract 

tumorigenesis.  
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Cell culture 

SV40LT-immortalized MEFs were grown in D-MEM (Lonza, BE12-614F) 

supplemented with 10% fetal bovine serum (EuroClone, ECS0180L), 2 mM L-

glutamine (EuroClone, LOBE17605F), 100 U/ml penicillin-0.1 μg/ml streptomycin 

(EuroClone, ECB3001L), 0.1mM non-essential amino acids (Microtech, X-0557). 

U2OS cells (ATCC) were grown in Mc Coy’s 5 A w/Glutamax (Life Technologies, 

36600-088) supplemented with 10% fetal bovine serum (EuroClone, ECS0180L). 

U2OS cells were authenticated using the GenePrint® 10 System (10-Locus STR 

System for Cell Line Authentication) by Promega CAT. NUM. B9510. HeLa 1.3, 

HeLa204 and HTC75 cells were grown in D-MEM (Lonza, BE12-614F) 

supplemented with 10% fetal bovine serum (EuroClone, ECS0180L), 2 mM L-

glutamine (EuroClone, LOBE17605F), 100 U/ml penicillin-0.1 μg/ml streptomycin 

(EuroClone, ECB3001L). HeLa1,3, HeLa204, and HTC75 cell lines are a gift from 

Titia de Lange. All cell lines are tested for mycoplasma both upon arrival at IFOM 

and after a new stock of cells is made, and all of them resulted to be negative for 

mycoplasma contamination. Mycoplasma test is performed by the IFOM Cell 

Biology UNIT and consist of two independent tests: a PCR analysis (For detail 

protocol see36 and a biochemical test (MycoAlert Detection Kit, Lonza 

Catalog #: LT07-418). 

 

Enrichment of telomeric repeats  

Around 500x106 cells were harvested from 60-70 15cm dishes through 

trypsinization that after centrifugation are resuspended in 10 ml of ice-cold PBS 

complemented with MgCl2 and CaCl2. For psoralen crosslinking, the cell suspension 

was poured in a 10 cm dish and kept on ice while stirring, throughout the procedure. 

The suspension was first incubated with 30 µg/ml of 4, 5′, 8-trimethylpsoralen 

(Sigma, T6137, stock 2 mg/ml in DMSO, stored at -20˚C) for 5 minutes in the dark 
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and then exposed to 365 nm UV light for 8 minutes in a UV Stratalinker 1800 

(Stratagene) at 2-3 cm from the light source. The incubation and irradiation steps 

were repeated for 4 cycles total. Cell suspension was recovered washing the plate 

with ice-cold PBS complemented with MgCl2 and CaCl2. After centrifugation, cells 

pellet was resuspended in TNE buffer (Tris 10 mM pH8.0, NaCl 100 mM, EDTA 10 

mM) and lysed adding 1 volume of TNES buffer (Tris 10 mM pH8.0, NaCl 100 mM, 

EDTA 10 mM; 0.5% SDS) containing 50 µg/ml RNaseA (Sigma, R500) followed by 

incubation for 60 min at 37˚C. Then 100 µg/ml of Proteinase K (Roche, 3115887001) 

were added and the suspension was incubated again at 37˚C overnight. The DNA 

was extracted with Phenol Chloroform Isoamyl alcohol 25:24:1 (Sigma, P2069) 

followed by an extraction with Chloroform (VWR, 22711) and precipitation with 

isopropanol. The DNA was resuspended in around 5 ml of Tris 10mM pH8 and let 

homogenize few hours at room temperature under gentle shaking before 

quantification and separation of 1 µl on agarose gel to check its integrity. Around 

2.5 mg of DNA was digested overnight at 37ºC with 750 units of HinfI and MspI 

(NEB) in 20 ml of CutSmart (NEB) 1X buffer. The digestion mix was poured in two 

tubes for the JS13.1 rotor, precipitated with isopropanol and DNA resuspended in 

final volume of 4.5 ml of TE1X. The digested DNA was loaded in 3 tubes of sucrose 

gradient (1.5 ml each), each containing 10%-20%-30% gradient. Each sucrose 

solution was prepared in TNE buffer and the gradient was made deposit slowly 8 ml 

of each solution starting from the densest. After DNA loading on the top, the 

gradients were centrifugated in SW32-Ti rotor (Beckman) at 30100 rpm (111265 g) 

for 16 hours. Different volumes (fractions) from each tube were slowly collected and 

an aliquot of each separated in agarose gel in order to verify fragment distribution. 

The DNA from the agarose gel was transferred by Southern blot to membrane and 

hybridized with radioactive telomeric probe. For Southern blotting, the gel was first 

incubated 2 x 30 min with the depurination solution (HCl 0.25N) 2 x 30 min with 
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denaturing solution (NaOH 0.5M, NaCl 1.5 M), 2 x 30 min with neutralizing solution 

(Tris 0.5M pH 7.5, NaCl 3M). The DNA was then transferred by capillarity in SSC 

20X onto an Amersham Hybond-X membrane (GE healthcare RPN203). For 

TTAGGG repeats probe the 800 bp EcoRI fragment of the Sty11 plasmid (a gift from 

Titia de Lange) (de Lange, 1992. EMBO J) was used. The fractions containing high 

molecular weight fragments, where telomeric repeats deposit, were collected, 

concentrated and washed twice with Tris 10mM pH 8.0 in Amicon Ultra-15 Ultracel-

PL PLTK, 30 kDa MWCO (Millipore/MERCK UFC903024) filters. The DNA was then 

digested overnight with 50 units each of RsaI, AluI, MboI, HinfI, MspI, HphI, MnlI 

(NEB) and then separated on a 0.7% low-melting agarose gel (SeaPlaque Agarose, 

Lonza, 50100). Fragments migrating above the 5 kb band of the marker were 

extracted with electroelution or Silica beads (see above) and quantified using Qubit 

dsDNA HS assay kit (Invitrogen, Q32854). In the telomere enrichment of U2OS, 

after the digestion with the seven restriction enzymes, the DNA was separated in 

2D gel and the DNA extracted with Silica beads. 

 

DNA extraction from agarose gel 

Preparative agarose gel: 

DNA was separated in a low melting agarose (SeaPlaque LONZA 50101) gel at low 

percentage (0.7%) without ethidium bromide in TBE 0.5X or TAE 1X. The run was 

conducted at low voltage the time sufficient just to separate high molecular weight 

molecules (up to 5 kb) from the smaller fragments produced by the restriction 

digestion (i.e., 0.8-1 V/cm for 15-12 hours), since we need to minimize the agarose 

gel portion containing HMW DNA. DNA ladder was loaded leaving at least one well 

empty from the sample. The marker lane was cut after separation, stained in 

ethidium bromide for 30 minutes and acquired with UV transilluminator close to a 

ruler, in order to define at which distance from the well to cut the sample slice.  
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2D gel for DNA extraction: 

DNA was separated as first dimension in 0.4% agarose gel in TAE1X without 

ethidium bromide with a run of 0.8V/cm for 10 hours. In parallel to the sample was 

separated DNA ladder, loaded leaving at least one empty well from the sample. The 

marker lane was cut and stained in ethidium bromide for 1 hour and the band 

separation was acquired close to a ruler in order to define at which level from the 

well to cut the sample slices, without expose the DNA to UV light. The sample slice 

was cut including DNA longer than 3Kb to the well and trap in 0.7% low melting 

agarose gel (SeaPlaque LONZA 50101) containing ethidium bromide (check 

amount) in TAE 1X. The second dimension was run at 3V/cm for 8 hours. The gel 

was layered on transilluminator and exposing the shorter time possible, was cut at 

the level of the linear and of the arc signal. The slices were then transferred in clean 

and separated tubes in order to extract DNA with the Silica beads DNA extraction 

kit (see below). 

 

Electroelution 

The Whatman® Elutrap electroelution system consists in a chamber where agarose 

gel slice is placed in a compartment close to a trap made of two membranes where 

the sample migrates thanks an electric field (Figure 1). The complete chamber was 

place into horizontal gel electrophoresis systems and we applied an electric field of 

100V for 10-12 hours. The DNA pass through a first membrane (BT2) that blocks 

agarose and other particulates and remains trapped thank to another membrane 

(BT1) that allows sample concentration but contaminants smaller than 3-5 KDa to 

pass off.  
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Figure 1. Electroelution chamber. 
Representative scheme of the agarose gel slice palced in the electroelution chamber. The 

HMW DNA is positionated toward the trap and the arrow indicates the migration of the DNA 

under electric field. 

 

Before sample collection, we applied 20 seconds of inverted field at 100V. The 

volume whithin the trap (~ 800 µl/ 1 ml) was recovered, washing twice with fresh 

buffer and concentrated to a final volume of ~ 180 µl using Amicon columns 0.5 ml 

(MWCO 30K, UFC 503096 Millipore) washing twice with water. Eventual traces of 

agarose were digested with beta-Agarase (NEB), adding 20µl of beta- agarase buffer 

10X and 2 µl of beta agarase (M0392 NEB). The reaction was incubated for 1 hour 

at 42˚C. DNA was then extracted with 1 volume of phenol-chloroform-isoamyl 

alcohol, successively precipitate with isopropanol and resuspended in 25µl of filtered 

TE 1X buffer. 

 

Silica Beads DNA gel extraction kit 

We used silica bead DNA gel extraction kit (Thermo Fisher Scientific, K0513) 

following the manufacturer’s instructions with few exceptions. Briefly, agarose gel 

slice was excised with a clean scalpel and transferred in a pre-weighted 15ml-falcon 

tube in order to record the weight of the slice. The gel was dissolved in the binding 

buffer in a 3:1 ratio volume : weight, incubating at 50ºC for 5 minutes.  The proper 

amount of Silica powder suspension was added to the DNA/binding buffer mixture 

and incubated at 50ºC for 15 minutes to allow DNA binding to the silica matrix, gently 

inverting every 5 minutes to keep silica powder in suspension. The suspension is 
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transferred in 1.5 ml tube in different rounds, each spinning down the beads, 

removing the supernatant and adding other solution until all the volume is 

transferred and all the beads collected. Starting from now, the beads were not 

resuspended to avoid mechanical shearing of the DNA interacting with the matrix. 

The beads were washed three times with 1 ml of ice-cold ethanol-containing wash 

buffer was gently added without resuspending. The DNA was eluted adding 25-30 

µl of TE1X, resuspending the beads by flicking and incubated @ 50ºC for 5 minutes. 

After rapid spin, the supernatant was recovered in a new tube, avoiding to perturb 

the pellet, and elution was repeated a second time. In order to verify any residues 

of silica powder, the elution tubes were spin for 30” at 16000g and eventually the 

supernatant transferred in a new tube. 

 

Single molecule analysis of telomeric enrichment 

Around 10 ng of bulk genomic DNA or telomere-enriched DNA was combed on 

silanized coverslips (Genomic Vision, COV-002) using the DNA Fiber Comb 

apparatus (Genomic Vision, version 3 REF: MSC-001). The coverslips with the 

attached DNA were baked for 2-3 hours at 60˚C, denatured in 0.5 M NaOH, 1M 

NaCl for 8 min, washed twice with PBS and undergo dehydration step in ethanol 

series (70%; 90%; 100%, 1 min each). Blocking with 5% BSA in PBS for 1 hour at 

37˚C and incubation with an anti single-stranded DNA antibody (Sigma, MAB3034) 

diluted 1:80 in 5% BSA in PBS, for 2 hours at RT, followed by three washes with 

PBS-0.05% Tween 20. Incubation with Alexa488-labeled anti-mouse secondary 

antibody (Invitrogen, A1101) diluted 1:400 in 5% BSA in PBS, followed by three 

washes with PBS-0.05% Tween 20 and dehydration in ethanol series (70%; 90%; 

100%, 1 min each). Incubation with a Cy3-labeled TTAGGG3 PNA probe (PNA Bio, 

F1006), 50 nM in 70% formamide (Thermo Scientific, 17899) 0.5% Blocking reagent 

(Roche 11096176001) and 10 mM Tris, pH 7.4, for 3 min at 80˚C and then 2 hours 
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at RT, followed by 2 x15 min washes in formamide 70%, 10 mM Tris, pH 7.4 and 

three washes with PBS-0.05% Tween 20. The coverslips were mounted using 

ProLong Gold (Invitrogen, P36930). Large overlapping areas were acquired and 

stitched in a DeltaVison microscope. 

 

Electron microscopy analysis  

BAC spreading 

EM analysis was performed as described in (Lopes 2009). Typically, 5 µl of 

telomere-enriched DNA corresponding to 5-20 ng were used for each spread. For 

non-enriched controls, 30 ng of KpnI-digested genomic DNA was spread using the 

same method. Briefly, EM grids previously coated with a carbon layer, are activated  

by contact with an ethidium bromide solution 33 µg/ml in TE1X for 30 to 45 minutes 

at room temperature. The DNA was mixed with 5 μl of formamide (Thermo Scientific, 

17899) and 0.4 μl of benzalkonium chloride (BAC, Sigma B6285) 0.02% in TE. (BAC 

stock solution 0.2% in formamide was diluted 1:10 in TE 1X before use). After 

mixing, the mix was immediately spread on a water surface in a 15 cm dish 

containing 50 ml of distilled water, using a freshly-cleaved mica sheet (Ted pella inc, 

product no: 52-6) as a ramp. The monomolecular layer was gently touched with pre-

activated EM grids. The DNA recovered from the linear and t-circle arc of 2D-gels, 

was spread using the droplet method as in (Fouche et al. 2006). Briefly, 1 ng of DNA 

in 28 µl of TE 1X, was mixed with 30 µl of Formamide (Thermo Scientific, 17899) 

and 2 µl of benzyldimethyl-alkylammonium chloride (BAC) 0.08%. The droplet was 

incubated for 5 min at RT and the surface was gently touched with a carbon-coated 

EM grid, previously activated by contact with an ethidium bromide.  The grids were 

then processed for staining with Uranyl Acetate and rotary shadowing as described 

in (Lopes 2009).  
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Kleinschmidt spreading 

Kleinschmidt spreading was performed according to (Griffith et al. 1999) with minor 

modifications. Briefly, 50 ng of DNA in TRIS 10mMpH 8.0 was mixed with 

ammonium acetate (pH 7.8, 0.25M final concentration). Cytochrome C (Sigma) was 

added to 4 μg/ml final concentration and the droplet (50 μl) was placed on parafilm 

for 90 s. A carbon-coated EM grid was touched to the drop and then dehydrated 

through two washes of 30 s in 75% and 90% ethanol, followed by air drying and 

rotary shadowing with platinum.  

 

TEM acquisition 

TEM pictures were taken using a FEI Tecnai12 Bio twin microscope operated at 120 

KV and equipped with a side-mounted GATAN Orius SC-1000 camera controlled 

by the Digital Micrograph software. Images in DM3 format were analyzed using the 

ImageJ software. In these conditions 0.36 µm correspond to 1 kb of double-stranded 

DNA. Images in DM3 format were analyzed in FIJI/ImageJ software v2.0.0-rc-

69/1.52p. In these conditions, in BAC spreads, a length of 0.36 μm corresponds to 

1 kb of double-stranded DNA. Data annotation and storage during the analysis was 

performed with an Image J macro.  

 

DNase I treatment on isolated nuclei. 

MEF nuclei were isolated as described previously (Pipkin and Lichtenheld 2006). 

Briefly, cells were collected by trypsinization, washed with ice-cold PBS, and 

resuspended in ice-cold fibroblast lysis buffer (12.5 mM Tris pH 7.4, 5 mM KCl, 0.1 

mM spermine, 0.25 mM spermidine, 175 mM sucrose, supplemented with protease 

inhibitor cocktail (Roche, 11836170001) at a concentration of 8 x 106 cells/ml). After 

10 min of incubation on ice, 0.02 vol 10% NP-40 was added and cells were 
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incubated for 5 min on ice. Nuclei were collected by centrifugation at 1000g for 5 

min at 4˚C and washed once with ice-cold Nuclei Wash Buffer (NWB) (10 mM Tris-

HCl pH 7.4, 15 mM NaCl, 60 mM KCl, 5 mM MgCl2, 300 mM sucrose) and 

resuspended in NWB.  When indicated, psoralen crosslinking was performed on the 

nuclei suspension in NWB, as described above for cell suspensions. For the DNase 

I treatment, 1 volume of nuclei suspension was mixed with 1 volume of DNase I 

cocktail (NWB supplemented with CaCl2 2 mM, BSA 100 µg/ml, and twice the 

indicated concentration of DNase I (Roche 10104159001) and incubated for 8 

minutes at RT. The reactions were stopped with 0.5 vol of ice-cold stop buffer (50 

mM EDTA, 10 mM EGTA). The nuclei were then processed for genomic DNA 

extraction as described above for cells.  

 

DNase I treatment on isolated DNA. 

Genomic DNA, extracted as described above, was incubated with DNase I (Roche 

10104159001) in 10 mM Tris-HCl pH 7.4, 15 mM NaCl, 60 mM KCl, 5 mM MgCl2, 

10 mM CaCl2, for 8 min at RT. The reaction was stopped by adding 0.2 vol of EDTA-

EGTA 0.25 M each, extracted with 1 volume of phenol-cholorform-isoamylalcohol 

and precipitated in isopropanol.  

 

2D-gels 

10 µg of genomic DNA was digested overnight with 20 units of AluI and MboI (NEB) 

and then precipitated with isopropanol. For the analysis of the mouse BamHI 

repeats, the DNA was digested either with BglI or with KpnI as indicated. The first 

dimension was run in 0.35% agarose (US-biological, A1015) in TBE 0.5X, without 

ethidium bromide for 12-24 hours at 1 V/cm. The gel was stained with 0.3 µg/ml 

ethidium bromide in TBE 0.5X and lanes were excised above 5 kb for mouse, U2OS 

and HeLa 1.3 telomeres and above 2 kb for HeLa 204 and HTC75 telomeres. The 
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second dimension was run in 0.7% agarose in TBE 0.5X with 0.3 µg/ml ethidium 

bromide at 3-5 Volts/cm at 4˚C. When necessary, psoralen crosslinking was 

reversed before southern blotting by exposing the gel to 254 nm UV for 10 min in a 

stratalinker (UVP CL1000 Ultraviolet crosslinker). For Southern blotting, the gel was 

first incubated 2 x 30 min with the depurination solution (HCl 0.25N) 2 x 30 min with 

denaturing solution (NaOH 0.5M, NaCl 1.5 M), 2 x 30 min with neutralizing solution 

(Tris 0.5M pH 7.5, NaCl 3M). The DNA was then transferred by capillarity in SSC 

20X onto an Amersham Hybond-X membrane (GE healthcare RPN203). For 

TTAGGG repeats probe the 800 bp EcoRI fragment of the Sty11 plasmid (a gift from 

Titia de Lange) (de Lange 1992) was used. For the BamHI repeats probe a 1 kb 

EcoRV fragment, containing mouse BamHI dispersed repeats cloned in pBlue was 

used (Fanning 1983). Radioactive signal was captured on phosphor screens 

(FUJIFILM Storage Phosphor screen MS3543 E), read on a Typhon Trio (GE) and 

analyzed on ImageJ. 

 

Telomere blots 

10 μg of genomic DNA was digested overnight with 20 units of AluI and MboI (NEB) 

and then precipitated with isopropanol. The DNA was separated in a 0.7% agarose 

gel (US-biological, A1015) in TBE 0.5X, with 0.3 μg/ml ethidium bromide for 21 h at 

1.6 V/cm. The gel was then processed for Southern blotting and hybridization with 

a telomeric probe as described above. 

 

Incubation with HeLa extracts 

1 µg of genomic DNA was incubated with 60 µg of HeLa nuclear extract (6 mg/ml) 

(IPRACELL, CC012010) in 50mM Tris HCl pH8, 150 mM NaCl, 5 mM MgCl2, 2 mM 

ATP, 1mM DTT for 35 minutes at 37˚C in 20 µl final volume. The reaction was 
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stopped with 0.1 vol of EDTA-EGTA 0.25 M each, extracted with 1 volume of phenol-

cholorform isoamylalcohol and precipitated in isopropanol.  

 

C-circle assay 

Was performed according to (Henson et al. 2009). Briefly, 25 ng of genomic DNA, 

digested with AluI and MboI, were incubated for 12 hours at 30˚C with 7.5 Units of 

Phi29 polymerase (NEB M0269) in Phi29 NEB buffer 1X, supplemented with dNTPs 

0,37 mM each, in a final volume of 20 µl. The enzyme was inactivated by heating to 

65˚C for 20 minutes and the reaction was blotted onto a Hybond-X membrane. 

Telomeric repeats were detected using the TTAGGG repeats probe described 

above. 
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