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Abstract
Telomeres are the terminal parts of linear chromosomes made of tandem
repeats of the TTAGGG motif. Telomeric repeats are associated with a six-protein
complex called shelterin, which protects chromosome ends from the DNA Damage
Response and regulates their maintenance. Telomeres are hard to replicate and
behave like replication fragile sites and telomere replication constitutively requires
shelterin and specialized helicases involved in the replication stress response. The
repetitive nature of the telomeric repeats and the tendency to form secondary structures
like G4 DNA, are thought to challenge fork progression at telomeres, however the
molecular bases of telomere replication problems are not fully understood, in part due
to the lack of techniques that can monitor structural transitions at telomeric replication
forks. To overcome this limitation, we introduced telomeric repeats with different
lengths and orientations, in an SV40-based construct that has been previously used to
study the replication of specific DNA sequences in mammalian cells. Consistent with
previous studies, we show that the shelterin complex associates with the telomeric
repeats in our constructs, mimicking the sequence context of natural telomeres.
Introduction of an episomal construct does not interfere with the structure of natural
telomeres. Two-dimensional agarose gel electrophoresis showed that as telomeric
insertions increase in length, they accumulate X-shaped intermediates compared to
non-telomeric DNA sequences, independently of the orientation of the telomeric
repeats with respect to the SV40 replication origin. In order to define the exact
molecular nature of the intermediates that accumulate at telomeric repeats, we isolated
replication intermediates and analyzed them in Electron Microscopy. Consistent with
the 2D-gel analysis, we found that fragments containing 115 telomeric repeats have a
2-fold increase in replication fork reversion compared to control DNA sequences. These
4

results show that replication forks have a higher probability of undergoing reversion at
telomeric repeats in vivo.
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1. Introduction

1.1

Structure and function of telomeres

Telomeres are the terminal part of linear chromosome and they are made of
short tandem repeats. In the majority of eukaryotes, including mammals, the repeated
motif is TTAGGG and the number of repeats varies between species ranging from 10
kb (~1700 repeats) in humans to over 50 kb (~8300 repeats) in mouse (Palm and de
Lange, 2008). Telomeres end in a 3' single-stranded G-rich strand, called the 3’
overhang, that varies between 50-500 nucleotides (Blackburn and Gall, 1978;
Klobutcher et al., 1981).
Telomeric DNA is associated with a 6-protein complex called shelterin, that
consists of the telomeric repeat binding factor 1 (TRF1) (Chong et al., 1995; Zhong et
al., 1992), telomeric-repeat binding factor 2 (TRF2) (Bilaud et al., 1997; Broccoli et al.,
1997), TRF1-interacting nuclear factor 2 (TIN2) (Kim et al., 1999), repressor/activator
protein 1 (RAP1) (Li et al., 2000), TIN2-interacting protein 1 (TPP1) and protection of
telomeres 1 (POT1) (Baumann and Cech, 2001; Liu et al., 2004) (Figure 1A). The
shelterin components TRF1 and TRF2 have similar structure, based on a TRF
homology (TRFH) domain and a C-terminal Myb domain, connected through a flexible
hinge domain (Chong et al., 1995). They differ in their N-terminus domain, TRF1 has
an acidic domain while TRF2 has a basic Arginine/Glutamine-rich (GAR) domain
(Broccoli et al., 1997). Moreover, these shelterin components form homodimers
through homotypic interaction via their TRFH domain, but do not interact with each
other (Figure 1B) (Bianchi et al., 1997). Three components of the shelterin complex
bind directly the telomeric sequence, TRF1, TRF2 and POT1, the first two bind the
double stranded TTAGGG repeats as dimers, though their Myb domain (Zhong et al.,
6

1992), while POT1 binds the single stranded TTAGGG of the overhang thought its OBfold domains (Lei et al., 2004; Loayza et al., 2004). TRF2 recruits RAP1 to the telomere
(Li et al., 2000), while both TRF1 and TRF2 bind TIN2 independently, which serves as
a bridge to connect TRF1 and TRF2 and the rest of the shelterin proteins (Ye et al.,
2004). In order, TIN2 interacts with TPP1 (Liu et al., 2004; Ye et al., 2004), which
recruits POT1 (Baumann and Cech, 2001). Shelterin components are constitutively
expressed throughout the cell cycle, essential, and abundant enough to cover all the
telomeres (Takai et al., 2010; Zhong et al., 1992).
Telomeres form a specific structure at the end of the chromosomes called t-loop,
a duplex lariat structure formed through the strand invasion of the 3’ overhang in the
double stranded telomeric sequence and mediated by TRF2 (Doksani et al., 2013;
Griffith et al., 1999) (Figure 1C).
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Figure 1. Telomere structure and shelterin complex on mammalian cells
A. Schematic representation of one shelterin complex loaded on the telomeric DNA (adapted
from (Doksani, 2019)).
B. Schematic representation of TRF1 and TRF2 domain structure.
C. Schematic representation of the t-loop structure.

1.2

Telomeres and the end-protection problem

1.2.1 Checkpoint signaling pathways at telomeres
Telomeres have the essential role to protect the natural ends of linear
chromosomes from being recognized by the DNA Damage Response (DDR) as DNA
8

double strand breaks (DBS), known as the end protection problem. In mammalian cells,
DDR activation is mainly mediated by two phosphatidylinositol 3-kinase-related protein
kinases, ataxia-telangiectasia mutated (ATM) and Rad3-related (ATR). One of the early
sensors of DNA double strand breaks is the MRE11-RAD51-NBSI (MRN) complex
which rapidly binds to the DNA ends created at a DSB and recruits the ATM kinase.
(Stracker and Petrini, 2011) (Figure 2). This leads to the autophosphorylation and
activation of ATM and then phosphorylation of the histone H2AX on Serine 139
(γH2AX) and the recruitment of MDC1, RNF168 and 53BP1. Moreover, ATM
phosphorylates a nucleoplasmic effector kinase, Checkpoint kinases 2 (Chk2). The
phosphorylation of Chk2 leads to the upregulation of p53 and consequently the
induction of Cdk inhibitor p21, which inhibits cell cycle progression.
Newly-formed DSBs can undergo repair by classical and alternative nonhomologous end joining (c-NHEJ and alt-NHEJ). C-NHEJ requires the loading of
KU70/80 heterodimer to DNA ends that acts like a ring-shaped complex that can bind
DNA ends, bring them together, recruiting DNA-PKs and the DNA Ligase IV (LIG4),
which ligates broken ends (Arnoult and Karlseder, 2015) (Figure 2). Differently from cNHEJ, a-NHEJ uses microhomology at the broken ends to repair the break. a-NHEJ is
a DSB repair pathway that is initiated at a 5’ double strand-single stand transition, which
activates PARP1. In this scenario, when two DNA ends have a 3’ overhang with a
minimal homology (a few base pairs), PARP1, ligase 3 (LIG3) and DNA polymerase θ
orchestrate a-NHEJ. The telomeric repeats represent an ideal region for a-NHEJ for
the perfect homology between the annealing strands and, for this reason it’s
preferentially used at these chromosome sites (Doksani and de Lange, 2016). This
repair pathway is inhibited by the presence of Ku 70/80, which therefore regulates the
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choice of the NHEJ pathway after a DNA DSB (Boulton and Jackson, 1996; Fattah et
al., 2010).
At telomeres, the protection of the chromosome ends is carried out by the
shelterin complex. Within the shelterin complex, TRF2 is responsible for repressing
both ATM signaling and NHEJ. Indeed, depletion of TRF2 results in a DNA damage
signaling mediated by ATM kinase and telomere fusion due to the joining of telomeres
(van Steensel et al., 1998). Telomere fusion occurs with a-NHEJ in cells that lack
Ku70/80, when the shelterin (co-deleted for TRF1 and TRF2) is completely removed
from telomeres (Sfeir and de Lange, 2012). TRF2 deletion results in the loss of t-loops,
that sequester and protect chromosome ends from the loading of MRN complex and
Ku heterodimer (Doksani et al., 2013). In addition to the t-loop protection, TRF2 inhibits
the DSB response blocking the RNF168 ubiquitin ligase accumulation at telomeres with
the iDDR domain and binding and blocking Ku70/80 heterotetramerization (Okamoto
et al., 2013; Ribes-Zamora et al., 2013).
While ATM responds immediately to the exposure of DNA ends after DSB
formation, ATR signaling is activated successively, once DNA ends are resected to
generate 3-single stranded DNA tails. The ATR signaling can be activated through two
different pathways. In the first case RPA binds the single-stranded DNA and recruits
ATR through ATRIP binding (Figure 2). ATR is activated when TopBP1 interacts with
the RAD9-Hus1-RAD1 (9–1–1) clamp loaded on the ds-ss-DNA junction (Zou and
Elledge, 2003). In the second pathway ATR signaling is activated by ETAA1, which
binds RPA as in the first case but it’s independent from TopBP1 and 9-1-1 binding and
ds-ss-transition (Haahr et al., 2016). The activation of ATR leads to the phosphorylation
of CHK1 and H2AX and the recruitment of 53BP1 and MDC1, which lead to cell cycle
arrest, analogously to ATM activation.
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Since telomeres end in a 3' single-stranded overhang, they have the natural
propensity to activate ATR signaling. ATR activation is inhibited at telomeres by the
shelterin component POT1 (Denchi and de Lange, 2007). This was explained through
the competition model: while POT1 and RPA have a similar affinity to the singlestranded DNA, POT1 is tethered at telomeres via its interaction with the rest of the
shelterin complex and therefore successfully displaces RPA from the telomeric
overhangs. Indeed, the depletion of TPP1 and TIN2 prevents POT1 recruitment and
activates the ATR pathway at telomeres (Gong and de Lange, 2010; Takai et al., 2011).
Another suggestion is that single-stranded telomeric DNA can form G4-structures that
can better be bound by POT1 (Ray et al., 2014).

Figure 2. DNA Damage Responses
Schematic representation of the response to different structures associated with DNA damage.
Adapted from (Blackford and Jackson, 2017).

1.2.2 DNA repair at telomeres
Telomere deprotection could lead to the formation of dicentric chromosome due
to their fusions. Dicentric chromosome induce mitotic mis-segregation through
breakage-fusion-bridge cycles (BFB) and genome rearrangements, which can
contribute to genome instability and tumorigenesis (Maciejowski et al., 2015). At
telomeres, BFB cycles start when two sister chromatids or non-sister chromosome
11

ends fuse and form a single dicentric chromosome. When this cell enters the cell cycle,
during anaphase, the centromeres of fused chromosomes are pulled toward opposite
poles and ultimately are broken to generate a DSB. The break could occur in every
point and can also not correspond to the fusion point of the original chromosomes,
generating structural rearrangements in the daughter cells. Since the products of the
BFB are two chromosome lacking telomeres, BFB cycle will continue in the next cell
cycles during the following DNA replication, generating more duplication, deletion,
inversion and translocation (McClintock, 1938) (Figure 3). The BFB is associated also
with chromothripsis and also to be involved in tumorigenesis (Li et al., 2014;
Maciejowski et al., 2015; Nones et al., 2014; Umbreit et al., 2020). Chromothripsis was
observed in different tumor types and consists in a mutational process where one or
more defined chromosomal regions are subjected to shattering, which induce a
confusing repair of chromosomal fragment ends in a random order and orientation
(Stephens et al., 2011). Telomeres prevent the formation of dicentric chromosomes
through the inhibition of classical and alternative non-homologous end joining (c-NHEJ
and alt-NHEJ).

Figure 3. Breakage-fusion-bridge (BFB) cycle
Schematic representation of BFB cycle that drives genome instability.
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1.3

End-replication problem and telomere maintenance

Telomere are thought to be replicated by forks emanating from subtelomeric
origins that move toward the chromosome end. This orientation implies that the G-rich
parental strand will be always copied by the lagging strand polymerase while the C-rich
parental strand will be copied by the leading strand polymerase. (Pfeiffer and Lingner,
2013; Sfeir et al., 2009). However, this view of a strict orientation of replication fork
progression at telomeric repeats has been challenged by observation of replication fork
activation within the telomeres in DNA combing analysis (Drosopoulos et al., 2020;
Sfeir et al., 2009). Origin firing within telomeric repeats will generate a fork that moves
toward the centromere with the opposite strand orientation and terminal fork moving
towards the end with the G-rich strand as a leading strand template (Figure 4).
Telomeres shorten progressively, due to the inability of the replication machinery to
fully replicate the end of linear chromosomes and, this is called the end replication
problem (Olovnikov, 1973; Watson, 1972). During the replication of the lagging strand,
with the G-rich strand as template, the DNA replication machinery requires multiple
primers that elongate into Okazaki fragments. The removal of the last RNA primer at
the terminal end produced a gap on the lagging strand, producing a single-stranded
DNA overhang (Figure 5). The key players in 3’ overhang formation are TRF2 and
Pot1b, that regulate a complex set of steps involving the nucleolytic activity of Apollo
and Exonuclease 1 (Exo1), together with the fill-in DNA synthesis mediated by
Polα/primase and CST (Wu et al., 2012). Initially TRF2-thethered Apollo initiates the
cleavage of telomeres synthesized by the leading-strand; after this step a further
nuclease processing can take place such as in DSB repair pathway (Mimitou and
Symington, 2011; Panier and Boulton, 2014; Zimmermann and de Lange, 2014).
During DSB repair, the MRN complex (Mre11/Rad50/Nbs1) and C-terminal binding
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protein 1 (CtBP1) interacting protein (CtIP) produce the 5’ recessed DNA ends that
become favorite substrate for the nucleolytic activity of Exo1 and DNA2. Unlike Apollo,
Exo1 is involved in the resection of both leading and lagging strand newly replicated
telomeres. At this point the 3’ overhang length is set by the CST-mediated fill-in by
Polα/primase (Hockemeyer et al., 2008; Wu et al., 2012). In particular in mouse CST
recruitment at telomeres is Pot1b-dependent (Hockemeyer et al., 2008; Wu et al.,
2012).
Telomere shortening limits the proliferation of human cells and is involved in ageing,
replicative senescence and tumor suppression (d'Adda di Fagagna et al., 2003; van
Deursen, 2014). Telomeric initiation event has been observed as a rare event and, for
this reason, it’s unlikely that this mechanism is involved in solving the end replication
problem. Leonard Hayflick observed that human cell lines stop dividing after a limited
number of divisions, quantified in around 40 to 60 population doublings (Hayflick, 2000;
Hayflick and Moorhead, 1961). Later on, it was shown that telomere shortening
correlates with the induction of cellular senescence (Harley et al., 1990). The
progressive loss of telomeric repeats will result in loss of shelterin components and
presumably of the t-loop structure, exposing telomere end to the DDR checkpoint and
consequently inducing a permanent p53 and Rb dependent growth arrest known as
replicative senescence (d'Adda di Fagagna et al., 2003; Karlseder et al., 1999; Takai
et al., 2003; Wu et al., 2006). Senescence limits also the proliferative capacity of cell
that have accumulate oncogenic mutations and acts as a proliferative barrier that
contributes in tumor suppression. Telomere shortening can be counteracted by the
expression of telomerase, which allow to bypass the senescence arrest (Bodnar et al.,
1998; Vaziri and Benchimol, 1998). Telomerase is a holoenzyme composed of
telomerase reverse transcriptase (TERT) and RNA component (TERC), which acts as
14

a template for the synthesis of telomeric DNA at the 3’ end of chromosomes (Greider
and Blackburn, 1985). Shelterin regulates telomere elongation by telomerase, through
the recruitment of TPP1 (via the OB-fold) and POT1 (Nandakumar et al., 2012; Wu et
al., 2006). TERT reverse-transcribes the G-rich strand using TERC (Telomerase RNA
Component), then the telomerase is displaced by the CST complex (recruited by POT1)
and the C-rich strand is filled in by the primase Polα. Since telomerase is
downregulated in some somatic cells during development, except stem cells and
lymphocytes, telomeres shorten progressively due to the end-replication problem.
Critically-short telomeres can also induce genome instability and promote
tumorigenesis. This scenario occurs when the cell cycle checkpoints that maintain
senescence are lost (p53, p16 and Rb) and cells proliferate with critically-short
telomeres. This stage is called telomere crisis and is characterized by cells having endto-end fused dicentric chromosomes, which lead to mitotic mis-segregation through
BFB and genome instability (Greenberg et al., 1999; Maciejowski et al., 2015). Cancer
development requires a telomere maintenance mechanism and, for this reason, 90%
of cancer cells maintain their telomeres and their proliferative potential by the activation
or upregulation of human TERT gene that encodes telomerase (Kim et al., 1994).

Figure 4. Replication initiation within the telomeric repeats
Schematic representation of the hypothesis of replication initiation within the telomeric
repeats. The blue and red lines indicate the parental strands, where the red tract correspond
to the telomeric repeats. The grey lines indicate the newly synthetize strands and the arrows
indicate the direction of the replication fork.
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Figure 5. End replication problem
Schematic representation of the end replication problem at telomeres. The blue and red lines
indicate the parental strands, where the red tract correspond to the telomeric repeats. The
grey lines indicate the newly synthetize strands, where the orange tract correspond to RNA
primer.

1.4

Alternative lengthening of telomeres

Around 10-15% of cancer cells maintain telomeres in the absence of telomerase,
using mechanism of elongation known as alternative lengthening of telomeres (ALT)
(Bryan et al., 1997; Dunham et al., 2000). ALT is generally based on a homologydirected repair of telomeres that result in net telomere elongation. In addition of
telomere maintenance in the absence of telomerase, ALT cells have different
hallmarks, such as increased telomere length heterogeneity, increased telomere sisterchromatid exchanges seen on telomere blot and FISH, accumulation of APB (ALTassociated PML Bodies) and the presence of circular extrachromosomal telomeric
repeats (c-circles) (Bryan et al., 1995; Cesare and Griffith, 2004; Henson et al., 2002;
16

Wang et al., 2004; Yeager et al., 1999). In ALT cell lines, telomeres cluster in
specialized promyelocytic leukemia nuclear bodies (PNBs), called ALT-associated
PNBs (APBs), characterized by the presence of telomeric DNA, telomere binding
proteins and recombination factors, and thought to be the hotspot for telomere
recombination. ALT cells present a frequent upregulation of homologous recombination
(HR) mainly at telomeres, that is not correlated with shelterin expression or function
(Bechter et al., 2004; Lovejoy et al., 2012). It’s still unknow the reason why different
cancer cell lines use ALT for telomere maintenance. One of the hypotheses is the
disruption on the transcriptional regulator ATRX/DAXX, a chromatin remodeling
complex that is involved in loading the histone H3.3 at telomeres. ALT is not induced
by the loss of ATRX alone but its restoration suppresses some ALT phenotypes
(Heaphy et al., 2011; Lovejoy et al., 2012; Napier et al., 2015). Moreover, in ALT cells,
telomeres present frequent nicks and gaps that can cause replication stress and DSB
formation, which can lead to telomere recombination (Nabetani and Ishikawa, 2009).
Telomere damage can lead to replication stress at telomeres that can induce the ALT
pathway, but the origin of telomere damage is still unknow. It has been proposed that
DNA damage is induced from metabolic intermediates like reactive oxygen species,
that target the telomeric G-rich sequences (von Zglinicki, 2002).

1.5

Telomere replication problems

Apart from the gradual telomere shortening due to the end-replication problem,
dysfunctional telomeres can also be generated by problems during the replication of
the bulk telomeric repeats. In fact, telomeres behave like replication fragile sites, which
are specific chromosome regions that challenge replication and display abnormalities
in metaphase chromosome analysis (Sfeir et al., 2009). Telomeric replication forks
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encounter multiple obstacles due to the natural structure of telomeres, such as the
presence of repetitive sequence, G-rich regions that have the propensity to form
secondary structures like G-quadruplexes and t-loops, the presence of an ongoing RNA
transcription (TERRA) and tightly bound proteins as the shelterin complex (Azzalin et
al., 2007; Doksani et al., 2013; Griffith et al., 1999; Henderson et al., 1987; Vannier et
al., 2012) (Figure 6A). Telomeres are G-rich sequences that have the propensity to
form G-quadruplexes, structures based on the interaction of four guanidine bases in a
square planar arrangement stabilized by central cations (Williamson et al., 1989).
Replication forks might pause or stall at these obstacles and, if this pausing is
prolonged, the stalled replication forks can collapse. This scenario is made worse by
the terminal position of telomeres. In fact, telomeric replication forks come from the
subtelomeric region and progress towards the chromosome end but, in case of fork
collapse, they cannot be rescued by forks arriving from nearby origins. These events
could lead to telomere truncation or whole telomere loss (Figure 6B). Moreover, one or
few dysfunctional telomeres are sufficient to induce both senescence and genome
instability (Hemann et al., 2001; Sabatier et al., 2005). The shelterin complex play an
essential role in promoting an efficient telomere replication. Deletion of the Taz1 gene
in Schizosaccharomyces pombe, the mammalian orthologue of TRF1 and TRF2,
causes severe telomere replication defects as fork stalling at telomeric repeats and
telomere loss (Miller et al., 2006). This phenotype was seen also in mammalian cells,
where TRF1 is involved in telomere replication and its deletion leads to fork stalling,
ATR activation, fragile telomeres and sister telomere association (Iwano et al., 2004;
Martinez et al., 2009; Sfeir et al., 2009). Moreover, TRF1 plays a central role in DNA
protection, preserving telomeric chromatin stability against HR mechanism. Telomeres
lacking TRF1 undergo DNA replication stress and present different ALT signature factor
18

and recombination hallmarks, as the formation of APBs, the recruitment of Nucleosome
remodelling and deacetylase (NuRD) complex, SMC5/6 and POLD3 dependent-mitotic
DNA synthesis (Porreca et al., 2020). This suggest that TRF1 avoids the restart of
stalled/collapsed telomeric forks, mediated by POLD3-dependent break induced
replication (BIR).

Figure 6. Telomere replication problems
A. Schematic representation of the potential obstacles that the replication forks can encounter
on the telomeric repeats. Adapted from (Doksani, 2019).
B. Illustration of the terminal fork collapsing at the telomeric repeats and resulting in a telomere
truncation. Adapted from (Doksani, 2019).
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1.6 Proteins involved in telomere replication
In addition to the components of the shelterin complex, other three helicases are
known to be involved in telomere replication, Regulator of telomere elongation 1
(RTEL1), the RecQ helicases Werner (WRN) and Bloom (BLM) (Figure 8). RTEL1 is a
helicase known to be a dominant factor in telomere length maintenance and identified
as a susceptibility locus for glioma, glioblastoma and astrocytomas (Egan et al., 2011;
Shete et al., 2009). Mutations in RTEL1 are implicated also in Hoyeraal-Hreidarsson
syndrome, a severe form of the telomeropathy dyskeratosis congenita, characterized
by bone-marrow failure and cancer predisposition (Ballew et al., 2013). RTEL1 function
was discovered studying the telomere length in mice, where in absence of Rtel1 cells
present chromosome fusion and telomere fragility and loss (Ding et al., 2004; Vannier
et al., 2012; Zhu et al., 1998). The functions of Rtel1 at telomeres are to dismantle tloop during the S-phase of DNA replication, following recruitment by TRF2 and a
general role in assisting replication, likely by removing G4 DNA (Sarek et al., 2015).
The absence of RTEL1 lead to an aberrant excision of the t-loop by the nuclease
SLX1/4, generating telomere length changes and the loss of the t-loop (Vannier et al.,
2012). Moreover, RTEL1 counteract G-quadruplexes structures at telomeres, allowing
a processive DNA replication and suppressing telomere fragility (Vannier et al., 2013).
The phenotype corresponding to RTEL1 loss is induced by an aberrant accumulation
of telomerase. In fact, telomerase binding generates a reversed replication fork, due to
unresolved t-loop or G-quadruplexes structure, leading to critically short telomeres
(Margalef et al., 2018). Moreover, Rtel1 is a key protein in the repair of DSBs, disrupting
D-loops and promoting synthesis-dependent strand annealing (SDSA) (Barber et al.,
2008; Youds et al., 2010).
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WRN is a helicase of the RecQ family and, when it is mutated, cause the
autosomic recessive disorder called Werner syndrome (WS). WS is characterized by
premature aging and cells derived from WS patients show a premature replicative
senescence compared with normal cells (Epstein et al., 1966). WRN directly interacts
with RPA, DNA polymerase δ, PCNA and FEN1 and has demonstrate to have the ability
to unwind triplex and G-quadruplex DNA, suggesting a role in DNA replication and
recombination events (Constantinou et al., 2000; Mohaghegh et al., 2001; Szekely et
al., 2000). At telomeres, WRN localizes at ALT-associated PML bodies, where it is
thought to resolve telomeric D-loops and G-quadruplexes (Chang et al., 2004;
Mohaghegh et al., 2001; Opresko et al., 2004). The depletion of WRN induce telomere
loss from single sister chromatids replicated by the lagging strand synthesis, indicating
the essential role of WRN for efficient replication of G-rich telomeric sequence (Crabbe
et al., 2004).
BLM is another helicase of the RecQ family and its mutation cause the
autosomic recessive disorder called Bloom syndrome, characterized by chromosomal
instability and cancer predisposition (Ellis et al., 1995; German, 1993). BLM is part of
the BLM-TOP3A-RMI complex (BTR), known to act in the homologous recombination
(HR) pathway for DNA DSB repair and to resolve heteroduplex recombination
intermediates by dissolving Holliday junctions (Larsen and Hickson, 2013; Wu and
Hickson, 2003). Like the other RecQ helicase WRN, also BLM has a G-quadruplexes
unwinding activity and colocalize with telomere foci in ALT cells (Opresko, 2008; Sun
et al., 1998). Depletion of BLM has shown to induce fragile telomeres on the lagging
strand of the telomeres, on the contrary of WRN, demonstrating its role in telomere
replication and a distinction between BLM and WRN (Sfeir et al., 2009; Zimmermann
et al., 2014).
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Since shelterin components are known to interact with these helicases, we
cannot exclude that these factors can act together promoting telomere replication. On
the one hand, TRF1 interacts with the BLM helicase to prevent the fragile phenotype
of telomeres that have been replicated by lagging strand replication of telomeric DNA.
The prevention of fragile telomere phenotype is dependent on TRF1 and BLM binding,
in fact the frequency of fragile telomeres is similar in BLM-depleted cells and in cells
where TRF1 doesn’t interact with BLM (Zimmermann et al., 2014). On the other hand,
TRF2 transiently recruits RTEL1 in S-phase, which promotes t-loop unwinding (Sarek
et al., 2015). Moreover, TRF2 directly interacts also with WRN and BLM helicase
(Machwe et al., 2004; Opresko et al., 2002). Their functions are related to the resolution
of secondary structures present at telomeres that create replication problems such as
G-quadruplexes and t-loops. These structures challenge the DNA replication
machinery and this is enhanced during replicative stress or in the absence of helicases
like Pif1 or Dog1/FANCJ (Cheung et al., 2002; Paeschke et al., 2011; Ribeyre et al.,
2009; Wu et al., 2008). Other known G4 helicases include Dna2, ATRX, XPB and XPD
and many others, and all these helicases could contribute on telomeres replication
(Gray et al., 2014; Masuda-Sasa et al., 2008; Nguyen et al., 2017).
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Figure 8. Functions of RecQ helicases in genome integrity
Schematic diagram summarizing the associations of different RecQ helicases (RecQ1, WRN,
BLM, RECQL4 and RecQL5) with replication, base excision repair (BER), double strand breack
repair (DSBR), transcription and telomere maintenance are shown by arrows. Adapted from
(Singh et al., 2012).

1.7

Methods for the study of telomere replication problems

Telomere replication problems in mammalian cells are usually observed in
fluorescence in situ hybridization (FISH) analysis on metaphase spreads. Metaphase
spreads consist on the spreading of fixed cells, arrested in metaphase stage, on a glass
coverslip followed by in-situ hybridization with a sequence-specific, fluorescent probe
that allows to identify the position of the sequence of interest on the chromosome. This
procedure allows the detection of abnormal structures at telomeres like multiple
telomeric signals per chromatid, decondensed or broken telomeres (overall known as
fragile telomeres), telomere fusion and sister telomeres association. For example,
mouse telomeres show abnormal structures in metaphase chromosomes after TRF1
deletion like multiple telomeric signals on a single end or decondensed/broken
telomeric signals that resemble the phenotypes of replication fragile sites and therefore
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suggesting replication problems (Sfeir et al., 2009). However, this type of approach
does not inform on the molecular nature of the telomere replication problems.
Two-dimensional agarose gel electrophoresis (2D-gel) allows the visualization
of replication and recombination intermediates at a given restriction fragment and,
when combined with genetic analysis, it is a powerful tool for the study of the molecular
mechanisms of DNA replication and recombination (Lopes, 2009). The first
demonstrations of 2D-gel utility on the resolution of branched recombination
intermediates and analysis of replication intermediates were done in 1980 (Bell and
Byers, 1983; Brewer and Fangman, 1987). After the isolation of a specific fragment of
the genomic DNA, the molecules were separated by size and shape through two
distinct stages of agarose gel electrophoresis. During the first dimension, the DNA is
loaded on a low percentage agarose gel, in the absence of ethidium bromide, where
the DNA is slowly separated based on the size using low voltage. A gel lane is excised
from the first dimension, and positioned in a second-dimension gel, rotated of 90˚ angle
relative to the migration of the first dimension. The second-dimension gel has a high
agarose percentage, contains Ethidium Bromide and is run at high voltage. All these
conditions maximize the contribution of the shape complexity in the migration and
therefore molecules are separated based on their shape. In order to analyze the
intermediates generated by a specific sequence of interest, we performed a southern
blot and a hybridization with a specific probe. This technique has been used to assess
the activity level of replication origin, to analyze replication timing, fork progression and
termination and also to detect the accumulation of specific replication intermediates
that can suggest replication fork pausing, fork stalling and collapse and recombinational
repair at an analyzed locus. Telomere replication has been studied using 2D-gel in
yeast cells (S. cerevisiae and S. pombe), where it was possible to detect replication
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fork pausing at telomeric sequences (Ivessa et al., 2002; Makovets et al., 2004; Miller
et al., 2006). Differently from yeast, mammalian telomeres are longer and highly
heterogeneous in length, which makes it difficult to follow single replication forks by 2Dgels. Although 2D-gel analysis are often performed at mammalian telomeres, in order
to detect accumulation of specific telomeric structures like t-circles and i-loops they do
not visualize telomere replication intermediates (Cesare and Griffith, 2004; Mazzucco
et al., 2020; Wang et al., 2004).
DNA combing is another powerful single-molecule approach widely used for
monitoring key DNA replication parameters like fork speed, fork collapse and interorigin distance (Marheineke and Hyrien, 2001; Patel et al., 2006). DNA combing consist
in stretching of DNA molecules at high density on silane-coated glass surface and
hybridize them with fluorescent DNA probe in order to map their respective positions
along the fibers (Bensimon et al., 1994; Michalet et al., 1997). The DNA replication can
be visualized using a dual-pulse labeling with modified nucleotides, and the labeling
scheme indicate spatial and temporal characteristic of DNA replication. Replication fork
progression in mammalian telomeres was examined by a combing variant called Single
Molecule Analysis of Replicating DNA (SMARD). This technique relies on sequential
periods of in vivo labeling with different halogenated nucleotides to mark replicating
DNA, combined with FISH analysis to detect telomeric repeats. The main problem of
this technique however is the complicated double labelling with FISH and
immunofluorescence (IF) on the same DNA residues and so far, it’s use in telomere
replication studies has been limited. Consistent with the others techniques, SMARD
analysis after deletion of TRF1 suggested that the replication fork stalls when entering
the telomeric repeats (Sfeir et al., 2009).
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An informative technique, which allows the direct visualization and quantification
of specific replication intermediates, is the Electron Microscopy (EM). EM can be used
to identify the presence of alterations in the genomic DNA structure including the
formation of bubbles, loops or alternative DNA structures generated by the
replication. Firstly, the DNA is isolated from the cells and psoralen crosslinked in vivo
in order to stabilize the replication intermediates during the DNA extraction. The
extracted DNA is then enriched for replication intermediates using different methods
like the use of BDN cellulose column, silica binding beads and electroelution. The
enriched DNA is spread in a water surface and captured with EM grids, where the
structures are visualized by EM. This analysis provides structural details on the status
of replication fork like the presence of fork reversion events or the accumulation of
single stranded intermediates at the fork (Lopes, 2009; Neelsen et al., 2014; Sannino
et al., 2017; Zellweger and Lopes, 2018). Unfortunately, EM analysis on telomeres
require a high level of enrichment of telomeric repeats that is hard to achieve for
technical difficulties and that will be discuss in telomere enrichment paragraph.
Lack of assays for the study of replication fork progression in human telomeric
repeats makes it necessary to design new strategies to highlight the molecular causes
of telomere replication stress.

1.8

SV40 genome as a tool for the analysis of DNA replication in

mammalian cells.
Plasmid-based systems have been widely used to analyze replication fork
progression and especially fork architecture. For example, a plasmid-based system
containing a cisplatin DNA inter-strand crosslinks (ICL) was replicated in Xenopus egg
extract in order to monitor by EM the replication intermediates generated during ICL
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repair (Amunugama et al., 2018). Plasmid-based system were also used in order to
analyze telomeric sequence. For example, a plasmid-system containing telomeric
repeats was used as model to investigate the replication fork progression at the
telomeric repeat in vitro. This model was prepared by nicking the plasmid close to
telomeric repeats and replicating them using the Klenow DNA polymerase I, miming a
replication fork that pass through the telomeric repeats. Replication structures
generated by this stalled fork were analyzed by EM and show that replication fork pause
at these sequence and have a greater tendency to regress in a four-stranded chickenfoot intermediates respect a plasmid without repetitive sequence (Fouche et al.,
2006b).
Also an SV40 plasmid-based system was used in vitro to analyze the replication
of telomeric repeats in the presence of shelterin proteins TRF1 and TRF2 (Ohki and
Ishikawa, 2004; Ohki et al., 2001). This system is based on the DNA replication of a
linear SV40 plasmid in vitro. In order to analyze the end of linear DNA having a
telomeric repeats sequence on one end, this system conjugates the end of biotinlabeled DNAs to avidin-coated beads and uses them as templates for in vitro
replication. They next purified the DNA attached to the beads, isolating the replication
product from the original template. 2D-gels analysis of the replicated DNA after the
addition of TRF1 and TRF2 showed that these shelterin proteins inhibit DNA replication
at telomeric repeats and in particular TRF1 induces replication fork stalling at telomeres
(Ohki and Ishikawa, 2004).
Mammalian telomeres are long and heterogeneous in length, which prevents the
analysis of replication fork progression at single telomeres by the classic DNA
replication techniques, such as 2D-gels. In order to visualize the replication
intermediates generated by mammalian telomere forks in 2D-gel, we decided to
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introduce mammalian telomeric repeats in an episomal vector, previously used to study
the replication of specific DNA sequences in mammalian cells (Follonier et al., 2013).
This system relies on the Simian virus 40 (SV40) origin of replication and expression
of the large tumor (T) antigen (Tag) helicase. The SV40 genome is a covalently closed
circular duplex DNA molecule of 5243 base pair (bp). The SV40 replisome represent a
simple example of those that duplicate bacterial and eukaryotic chromosomes and, for
this reason, is a system for DNA replication studies in mammalian cells. SV40 and host
DNA replication machinery differ in several features, in fact SV40 encodes its own DNA
helicase (tag), that permits the activation of its origin of replication, and uses host
cellular protein factors to replicate (Fanning and Zhao, 2009). The SV40 genome acts
as mini-chromosome that is compacted into nucleosome with histones of the host cells,
once in the nucleus (Germond et al., 1975; Griffith, 1975; White and Eason, 1971)
(Figure 7). The SV40 DNA, purified from infected cells, has a negatively supercoiled
topology, which allow the chromatin to denature for DNA replication initiation. This
together with the fact that SV40 genome relies on its unique and well-defined origin of
replication and replicates with high efficiency several times for cell cycle, make this
system ideal to perform DNA replication studies.
The SV40 model designed by (Follonier and Lopes, 2014), allow that specific
DNA sequences with the desired length and orientation can be introduced next to the
SV40 origin in order to monitor their replication in vivo in human cells. Moreover, in
order to solve potential safety issues, the SV40 genome is interrupted by the insertion
of the bacterial vector pGEM, making this construct not competent for virus production
(viral encapsidation proteins will be lost). Replicating plasmids can be purified
separately from the genomic DNA, which facilitates the visualization of replication
intermediates using both 2D-gels or EM techniques (Follonier and Lopes, 2014). This
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technique has been used to analyze replication intermediates of GAA/TCC repeats
DNA sequences in human cells, responsible of Friedreich’s ataxia disease. These GAA
repeats were cloned into the modified SV40 plasmid and transfected in human cells.
The replicated plasmid recovered from human cells, is analyzed with 2D-gels and
specific replication intermediates were excised from the second-dimension gel and
electroeluted in order to be visualized by EM. Using 2D-gel analysis the authors have
shown that replication forks pause transiently at GAA repeat in leading and lagging
strand. Combining 2D-gel with EM, they demonstrated that replication fork pausing at
GAA repeats is associated to fork reversal in vivo (Follonier et al., 2013; Lopes, 2009).
These studies demonstrate that the use of this SV40-based plasmid system can be a
powerful tool for the study of telomere replication problems in human cells.

Figure 7. Electron micrograph of an SV40 minichromosome isolated from productively
infected cells.
Scale bar 100nm. Reprinted from (Griffith, 1975) with permission from AAAS.
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1.9

Enrichment of mammalian telomeric DNA

Mammalian telomeres are made of long tandem repeats of the TTAGGG motif, which
extends for several kilobases at the end of the chromosomes. Because of their
particular sequence context, telomeric repeat lack consensus sites for most of the
canonical restriction endonucleases. This particular property of the telomeric DNA is
continuously exploited in most labs that study telomere biology. The first application of
this principle was reported by Titia de Lange in the Harlod Varmus lab in 1990. In that
work, extensive digestion with a mix of restriction enzymes, followed by size
fractionation was used in order to enrich, clone and characterize the sequence of
human telomeric repeats (de Lange et al., 1990). About 9 years later, this approach
was used to purify telomeric DNA from mouse or human cells, that had undergone in
vivo psoralen crosslinking. The telomere-enriched fractions were visualized under the
electron microscope, which allowed the discovery of the t-loop structures, providing an
explanation in telomere function and how they solve the end protection problem (Griffith
et al., 1999). Since then, this approach for telomere enrichment has been used in other
settings in order to enrich for telomeric repeats, and in one occasion, also for telomeric
chromatin (Cesare et al., 2008; Cesare et al., 2003; de Lange, 2004; Munoz-Jordan et
al., 2001; Murti and Prescott, 1999; Nikitina and Woodcock, 2004; Raices et al., 2008).
Apart from EM studies of telomeric DNA, the enrichment of telomeric DNA has also
been used for single molecule analysis of replicating DNA (SMARD) (Sfeir et al., 2009)
as well as for the sequencing of telomeres in different contexts (Mateos-Gomez et al.,
2015).
Despite these instances, the procedure for the enrichment of telomeric repeats
has not had a wide application in different labs in part due to technical difficulties with
its application as well as with the yield in telomeric enrichment. Initial applications of
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the procedure consisted in digesting relatively small quantities of genomic DNA from
human cells (~10 µg) with a mix of restriction enzymes and then fractionating the
digested DNA in agarose gels and recovering the DNA from the High Molecular Weight
(HMW) fraction of the gel, which was enriched in telomeric repeats (de Lange et al.,
1990). For larger scale populations, higher amounts of DNA, in the order of one or few
milligrams are usually digested. Note that telomeric repeats make up for about 0.1% or
less of the total genomic DNA, which means that there is less than 1 µg of telomeric
DNA in 1 mg of genomic DNA. Because this large amount of DNA cannot be separated
on an agarose gel, fractionation was performed in large size-exclusion chromatography
columns (Griffith et al., 1999). The first fractions eluting from these columns were highly
enriched in telomeric repeats, while the bulk of the fractionated genomic DNA eluted
later. However, despite there are few studies that have used this approach, the
absolute level of enrichment of telomeric repeats (i.e. the percentage of telomeric
molecules in the final sample) has not been reported.
Single molecule analysis of telomeric DNA can provide relevant information in
the study of telomere metabolism. Many relevant aspects of telomere biology involve
structural transitions on the telomeric DNA, including formation of t-loops, telomere
replication, telomere sister chromatid exchange, break-induced replication or rolling
circle amplification of telomeres in ALT cells (Henson et al., 2017; Sfeir et al., 2009;
Zhang et al., 2019). Telomere enrichment and purification is an important tool for single
molecule analysis of telomere structure. For this reason, we developed a procedure
that allows purification of telomeres from mouse and human cells, in a highly-efficient,
consistent and reproducible fashion. This procedure has been successfully employed
in our lab for the identification of damage induced i-loops (internal loops), a structure
that forms at telomeres in the presence of single-stranded damage, that can be excised
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resulting in the formation of extrachromosomal telomeric circles and telomere erosion
(Mazzucco et al., 2020). In order to increase the purity of the telomeric material, we
developed a two-step enrichment procedure. In the first round, large amounts of
genomic DNA are digested with a two frequently-cutting restriction enzymes, chosen
for their efficiency and relative cost/unit. The digested DNA is then separated in large
sucrose gradients that are characterized by i) high-capacity (2 mg of DNA in one rotor),
ii) being gentle on DNA (centrifugation is performed at 4˚C in TNE buffer) and iii) the
relative ease of recovering the DNA from the fraction of interest using centrifugation in
dialysis columns. This step eliminates around 90% of the initial material, all nontelomeric DNA. Then, the HMW fractions collected from the sucrose gradient that
contain both telomeric and non-telomeric DNA undergo a second and more extensive
digestion round with a mix of seven frequently-cutting restriction enzymes. The
digested DNA now is loaded on a preparative agarose gel, where again the HMW
fraction containing the telomeric repeats is collected. The material collected in the
second round of purification is made mostly of telomeric repeats with consistent yields
of 80% or more of telomeric molecules. The quality of the DNA obtained with this
approach is suitable for EM studies, DNA combing or next-generation sequencing,
opening the door to many potential applications in single-molecule analysis of telomeric
DNA.
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2. Material and methods

Plasmids
34 TTAGGG repeats were amplified by PCR from the plasmid pTH5 (a gift from Titia
de Lange lab) using oligos with KpnI restriction sites that contained mismatches that
destroy the present EcoRI sites:
KpnI_pTH_Fw (TACGGGTACCAATTCGGCCTAATTCGGCCT)
KpnI_pTH_Rev (TCAGGGTACCAATTCGGCCAAATTCGGTAG)
PCR products are digested with KpnI and inserted in dephosphorylate KpnI-cut
pML113 (a gift from Massimo Lopes’s lab). 54 TTAGGG repeats were amplified by
PCR from the plasmid pTH9 (a gift from Titia de Lange lab) (de Lange et al., 1990) and
introduced in pML113 plasmid, where we cloned a BsmBI site, close to the KpnI site.
115 TTAGGG repeats were obtained cloning twice the 54 TTAGG repeats at the BsmBI
site, using an insertion of 13bp between the two. The telomeric sequences inserted are
cloned in two possible orientations, in the natural orientation with the G-rich strand
replicated by the lagging strand (pTel-N), or in the opposite orientation with the G-rich
strand replicated by the leading strand (pTel-R). As a control, we cloned in the same
site of pML113 control sequences of the same lengths, corresponding to the
hygromycin resistance of the plasmid pHEBO (Sugden et al., 1985). The control
sequence is:
ttggggaattcagcgattcagttagcctcccccatctcccgatccccacgagtgctggggcgtcggtttccactatcggcg
agtacttctacacagccatcggtccagacggccgcgcttctgcgggcgatttgtgtacgcccgacagtcccggctccgg
atcggacgattgcgtcgcatcgaccctgcgcccaagctgcatcatcgaaattgccgtcaaccaagctctgatagagttg
gtcaagaccaatgcggagcatatacgcccggagccgcggcgatcctgcaagctccggatgcctccgctcgaagtag
cgcgtctgctgctccatacaagccaaccacggcctccagaagaagatgttggcgacctcgtattgggaatccccgaa
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catcgcctcgctccagtcaatgaccgctgttatgcggccattgtccgtcaggacattgttggagccgaaatccgcgtgca
cgaggtgccggacttcggggcagtcctcggcccaaagcatcagctcatcgagagcctgcgcgacggacgcactga
cggtgtcgtccatcacagtttgccagtgatacacatggggatcagcaatcgcgcatatgaaatcacgccatgtagtgtat
tgaccgattccttgcggtccgaatgggccgaacccgctcgtctggctaagatcggccgcagcgatcgcatccatggcct
ccgcgaccggctgcagaacagcgggcagttcggtttcaggcaggtcttgcaacgtgacaccctgtgcacggcggga
gatgcaataggtcaggctctcgctgaattccccaa.

Cell culture
293T (ICLC) and HT1080 (DSMZ) cells were grown in D-MEM (Lonza, BE12-614F),
supplemented with 10% fetal bovine serum (EuroClone, ECS0180L), 2 mM L-glutamine
(EuroClone, LOBE17605F). HeLa cells (ATCC) were gnown in MEM Earle's Salts,
w/out L-Glutamine (Sigma-Aldrich, M2279-500ml), supplemented with 10% fetal bovine
serum (EuroClone, ECS0180L), 2 mM L-glutamine (EuroClone, LOBE17605F), 1mM
NaPyruvate (Microtech, L0642) and 0,1mM MEM Not Essential Ammino Acids
(Microtech, X-0557). U2OS cells (ATCC) were gnown in Mc COY’s 5A w/Glutamax (Life
Technologies, 36600-088), supplemented with 10% fetal bovine serum (EuroClone,
ECS0180L). Saos2 cells (DSMZ) were grown in Mc COY’s 5A w/Glutamax (Life
Technologies, 36600-088), supplemented with 15% fetal bovine serum (EuroClone,
ECS0180L). These cells were grown at 37°C in the presence of 5% CO2 and 95%
relative humidity.

Transfection
HEK293-T an HeLa cells are transfected with the different plasmids by using Calcium
Phosphate transfection. Before the transfection of 2x15 cm dishes, 6-7 x 106 cells were
plated in each dish (50% confluency). For each plate, 190 μl CaCl2 (2 M) together with
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15 μg plasmid DNA and 1µl of pAcGFP1-C1 (Clontech ,632470), in 1500 μl final volume
of ddH2O, were mixed with an equal amount of HBS (2X). During the process of mixing,
the solution was aerated by blowing air through a 2 ml pipette with a Pipet-aid, then the
solution was added drop wise to the cells. Medium was changed 16-18h after
transfection. HT1080, U2OS and Saos2 cells are transfected with the different plasmids
by using Lipofectamine 2000 (Life Technologies, 11688). Before the transfection of
2x10 cm dishes, 90% confluent cells were plated in each dish. For each plate, 36 μl of
Lipofectamine 2000, together with 6 μg plasmid DNA and 1µl of pAcGFP1-C1
(Clontech ,632470), were diluted each in 1500 μl volume of Optimem (Life
Technologies, 51985-042) for 5 minutes, then were mixed for 20 minutes and add to
the cells. Medium was changed 24h after transfection.

Plasmid extraction from 293T cells
40 hours after the transfection, cells were harvested by scraping in ice-cold DPBS with
Ca++ and Mg++ (Life Technologies, 14080-089). For psoralen crosslinking, the cell
suspension was poured in a 6 cm dish and kept on ice while stirring, throughout the
procedure. The suspension was first incubated with ~7 µg/ml of 4, 5′, 8trimethylpsoralen (Sigma, T6137, stock 2 mg/ml in DMSO, stored at -20˚C) for 5
minutes in the dark and then exposed to 365 nm UV light for 2.5 minutes in a UV
Stratalinker 1800 (Stratagene), with 365 nm UV bulbs (model UVL-56, UVP) at 2-3 cm
from the light source.
The plasmid DNA was recovered using a modified Hirt protocol (Chandok et al., 2011;
Hirt, 1967). Cells were washed with 4 ml of cold TBS (50 mM Tris–HCl pH 7.0, 150 mM
NaCl), and lysed by incubation for 20 min at room temperature in 0.7 ml of lysis solution
(50mM Tris–HCl pH 7.0, 20mM EDTA, 10mM NaCl, 2% SDS, 0.4 mg/ml proteinase K).
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Then chromosomal DNA was precipitated by the addition of 0.3 ml of 5M NaCl followed
by incubation for 8–24h at 4ºC. The samples were centrifugated in a SW41-Ti rotor
(Beckman) at 16000 rpm (31611g) for 50 minutes at 4ºC and the supernatant (~1 ml)
was collected, supplemented with 2µl of proteinase K (Roche, 31158870015, stock 50
mg/ml), and incubated at 55ºC for 2 hours. DNA was extracted with 1 volume of phenolchloroform-isoamyl alcohol (25:24:1 Sigma, P2069) and chloroform extraction, followed
by precipitation with isopropanol.

2D-gels
Around 3-4 µg of plasmids, extracted from 293T cells with the procedure described
above, were digested overnight with respectively 90, 30, 40 Units of EcoRI, NotI, DpnI
(NEB) for the plasmids with 34 and 54 repeats, while the plasmid with 115 repeats was
digested with 90, 90, 40 Units of SacI, BamHI, DpnI. The digestion was precipitated
with isopropanol and resuspended in Tris-HCl 10 mM pH 8.0. The first dimension was
run on 0.4% agarose (US-biological, A1015) in 0.5X TBE, without Ethidium Bromide
(EtBr) for 42 hours at 0.65 V/cm. Subsequently, the first dimension was stained in 0.5X
TBE with EtBr, which allowed the visualization of the DNA bands on a transilluminator.
For each plasmid sample, from the first dimension gel, was excised a 6,5cm slice from
the 5.6 kb fragment (included) to the upper part of the gel. The second dimension was
run on 0.7% agarose gel with EtBr for 23 hours at 2-3 V/cm. Before blotting, crosslinking
was reversed by irradiating the gel for 10 min under 254 nm UV light (UVP CL1000
Ultraviolet crosslinker). For Southern blotting, the gel was first incubated 30 min with
the depurination solution (HCl 0.25N) 2 x 40 min with denaturing solution (NaOH 0.5M,
NaCl 1.5 M), 2 x 40 min with neutralizing solution (Tris 0.5M pH 7.5, NaCl 3M). The
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DNA was then transferred by capillarity in SSC 10X onto an Amersham Hybond-X
membrane (GE healthcare RPN203).
The SV40 probe is the 5243 kb fragment from EcoRI digested pML113 plasmid (used
for the plasmids with 34 and 54 repeats). For the plasmids with 115 repeats we used a
5263 kb fragment from the BamH1/SacI digested pTel-N800 plasmid. The pGEM probe
is the 2997 kb fragment from EcoRI digested pML113 plasmid.
The

mitochondrial

probe

is

obtained

by

amplifying

a

specific

sequence

(agccctagacctcaactacctaaccaacaaacttaaaataaaatccccactatgcacattttatttctccaacatactcg
gattctaccctagcatcacacaccgcacaatcccctatctaggccttcttacgagccaaaacctgcccctactcctccta
gacctaacctgactagaaaagctattacctaaaacaatttcacagcaccaaatctccacctccatcatcacctca)
from human mitochondrial DNA from the HEK293-T cell genome. Probes were labelled
with the Prime-a-Gene Labeling (Promega, U1100) and probed with SV40 DNA
radioactively labelled by random priming. Radioactive signal was captured on phosphor
screens (FUJIFILM Storage Phosphor screen MS3543 E), read on a Typhon Trio (GE)
and analyzed on ImageJ.

Qubit quantification
According to manufacturer instructions, Qubit working solution (Thermo Fisher) was
prepared by diluting 1:200 dsDNA HS or BR Reagent in the Qubit buffer provided, and
mixed by vortexing. The volume of Qubit working solution to prepare was calculated to
have 200 μl of mix for each sample to quantify. 190 μl of Qubit working solution were
aliquoted in standard 1 and standard 2 tubes. 199 μl of Qubit working solution were
aliquoted for each sample to quantify. 10 μl of Qubit standard 1 and 2 were added to
the previously prepared tubes, whereas 1μl for each sample was added to
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the appropriate tube and mixed by vortexing. Tubes were incubated at RT for 2 min
before performing DNA quantification with the Qubit machine.

Quantitative PCR (q-PCR)
Replication levels of pTel-N800 and pR800 in different human cell lines were analyzed
using q-PCR. Two confluent plates of 10 cm of HEK293-T, HT1080, HeLa, U2OS and
Saos2 cells were transfected with an equal mix of pTel-N800 and pR800. 40 hours after
transfection, plasmid DNA were extracted using Hirt protocol. The q-PCR was
performed using the Light Cycler 480 (Roche) and the amplifications were done using
SsoFast EvaGreen Supermix (Bio-Rad, 1725201), according to manufacturer
indications. We use the following primers recognizing the common SV40 plasmid, as
internal control:
SV40_qPCR_ Fw (GATAATGCTTATCCAGTGGA)
SV40_qPCR_Rev (GTAGGTTCCAAAATATCTAG)
We use the following primers recognizing only the pTel-N800 plasmid:
SV40_Fw (CCCTAACCCTCCGAATTGGA)
Telo-specific_Rev (CCCTAACTGACACACATTCC)
We use the following primers recognizing only the pR800 plasmid:
SV40_Fw (CCCTAACTGACACACATTCC)
Random-specific_Rev (GTCAGGCTCTCGCAATTGGA)
The experiments were carried out in triplicate for each data. The relative quantification
in plasmid replication was determined using the 2-DDCt method (Livak and Schmittgen,
2001), obtaining the fold changes in plasmid replication, normalized with the Ct of the
internal control.
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ChIP
4 confluent plates of 15cm with HEK293-T cells, transfected with pTel-N800 or pR800
(2 plates for condition), and 40h after transfection were crosslinked for 10 min at room
temperature in 540 µl 37% formaldehyde (Merck). Formaldehyde was quenched for 5
min with 125mM glycine. Cells were scraped with PBS 1X, keeping the plates on ice.
Chromatin extraction was prepared by lysing in 4 different buffers:
Buffer A (100 mM Tris-HCl pH 8.0, 10 mM DTT) for 15 minutes at room temperature
and 15 minutes at 30ºC.
Buffer B (10 mM HEPES pH 7.5, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100)
for 5 minutes on ice.
Buffer C (10 mM HEPES pH 7.5, 10 mM EDTA, 0.5 mM EGTA, 200 mM NaCl) for 5
minutes on ice.
Buffer D (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS, 1X Proteinase inhibitor
cocktail). Then the chromatin was sonicated for 10 cycles, 30’’ on and 30’’ off.
Chromatin was resuspended in 10 volumes of dilution buffer (16.7 mM Tris-HCl pH 8.0,
167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100), on a concentration of 100µg for each
condition, and precleared with 100µl blocking beads, prepared for 2 hours at 4ºC with
40µl of Dynabeads protein G beads (Termo Fisher, 10003D), 10µl TRF1 antibody
(Santa Cruz, GO715) and IP dilution buffer. After overnight incubation at 4ºC, beads
were washed three times for 5 with a low salt washing buffer (0.5% Triton X-100, 5 mM
EDTA, 50 mM Tris-HCl pH 8.0, 150 mM NaCl). Beads were suspended in 500 μl elution
buffer (0.1 M NaHCO3, 1% SDS) for 40 minutes at room temperature and subsequently
de-crosslink adding 36mM Tris-HCl 1M pH 8.0, 182mM NaCl 5M, 360µg/µl of
Proteinase K (Roche), and incubated 2 hours at 52ºC and then overnight at 65ºC. DNA
was purified using the Phenol/Clorofom/Isoamylalcohol and eluted in 30 μl Tris-HCl
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10mM buffer. The q-PCR was performed with the Light Cycler 480 (Roche) combining
1µl of DNA with 18µl of SsoFast EvaGreen Supermix (Bio-Rad, 1725201) and the
following primers recognizing the SV40 plasmid, according to manufacturer indications:
GGACTTTCCACACCTGGTTG
GGAGACGGGTACCTTCTGAG

Electron microscopy
Extracted plasmid DNA with 34 and 54 repeats were linearized with EcoRI, NotI and
Hpy99I. Extracted plasmid DNA with 115 repeats were linearized with SacI, BamHI and
Hpy99I. Digested DNA was separated on a preparative gel and recovered with silica
bead DNA gel extraction kit (Thermo Fisher Scientific, K0513). Linearized DNA is
processed for EM. 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 DNA 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, 52-6) as a ramp.
The monomolecular layer was gently touched with pre-activated EM grids. The grids
were processed for staining with Uranyl Acetate and rotary shadowing as described in
(Lopes, 2009). 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 doublestranded DNA.
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Metaphase spreads and Fluorescence in situ hybridization (FISH)
Cells in a 10 cm dish were incubated for 2 hours with 50 ng/ml Karyomax colcemid
solution (Life Technologies, 15212-012). The cells were harvested and resuspended in
10 ml of hypotonic solution (KCl 0.075 M) for 20 minutes at RT. Cells were then
collected by centrifugation for 5 min at 300 g at RT and resuspended in 10 ml of icecold Carnoy fixative, methanol-acetic acid 3:1. Before spreading cells were
concentrated by centrifugation and resuspended in 1 ml of new fixative. Around 100 µl
of the cell suspension was dropped onto glass slides and dried overnight at RT. The
glass slides with the DNA were subjected to the following treatments: washed several
times with water, washed three times in PBS for 5 minutes and dehydrated in ethanol
series (70%; 90%; 100%, 5 min each). Slides were incubated with hybridizing solution
containing 50nM PNA probe Cy3-labeled TTAGGG3 (PNA-Bio, F1006), and spreads
were denatured by heating the slides for 8 min at 80°C on a heating block. Spreads
were then allowed to hybridize in the dark for 2 h or overnight at RT. Slides were
washed with 70% formamide (Thermo Scientific, 17899) in 10 mM Tris-HCl, pH 7.4, for
15 min at RT, followed by three washes of 5 min in PBS-T (with DAPI 0,1 μg/ml added
to the second wash). Slides were mounted in embedding medium (ProLong Gold
Antifade Reagent, Invitrogen), and digital images were captured with a DeltaVision
microscope with a CoolSNAP HQ2-ICX285 camera using softWoRx software.
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3. Results

3.1

Generation and characterization of an SV40-based system to

study replication of telomeric repeats in human cells.

3.1.1 Generation of SV40 constructs containing telomeric repeats
The SV40 minichromosome has been a fundamental tool for the study of the
biochemical bases of mammalian replication initiation and elongation and the first
model for a mammalian replicon (Fanning and Zhao, 2009). Apart from biochemical
studies, the SV40 genome has also been used to study physiological and pathological
transitions occurring on the replicating DNA by studying SV40 replication intermediates
in normal conditions and under induced replication stress (Snapka and Permana,
1993). Recently, this system has been adapted for the study of replication
intermediates at specific sequences in mammalian cells (Follonier et al., 2013). The
adaptation consisted in the insertion of a pGEM backbone in the EcoRI site of the SV40
genome. Then, sequences of interest could be inserted in the KpnI site next to the
SV40 origin of replication. Introduction of the pGEM backbone in the SV40 genome has
a dual effect, on one side it disrupts the VP1 (gene that encodes the major capsid
component) preventing virus production and therefore safety concerns, on the other
side it allows propagation and amplification of the construct in E. Coli.
In order to analyze the replication fork progression at telomeric repeats in human
cells, we introduced mammalian telomeric repeats in (or next to) the KpnI site of the
SV40 construct described above (Follonier et al., 2013). Six clones were generated,
three of which containing either 34, 54 or 115 telomeric repeats with the TTAGGG
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sequence in the top strand (named pTel-N200, pTel-N400 and pTel-N800 respectively,
where "N" stands for natural orientation and the following number represents the length,
in base pairs, of the insert with the telomeric repeats) and the other three containing
the same number of repeats in the opposite orientation (named pTel-R200, pTel-R400
and pTel-R800 respectively, where "R" stands for Reverse orientation and the following
number represents the length in base pairs of the insert with the telomeric repeats)
(Figure 9A). In the final constructs, the inserts are located 234 bp on the right of the
SV40 origin of replication. In the pTel-N plasmids, the replication fork, originated from
the SV40 origin and moving clockwise, will replicate the G-rich strand of the telomeric
repeats as the lagging strand, as it is believed to happen at natural telomeres. For this
reason, we will refer to these plasmids as having telomeric repeats in the natural
orientation, while in the pTel-R plasmids the G-rich strand will be replicated as the
leading strand. The constructs with 34 telomeric repeats were cloned in the KpnI site
of pML113, while for the constructs with with 54 and 115 telomeric repeats, a BsmBI
site was first introduced 8 bp from the KpnI site of pML113 and the telomeric sequences
were inserted in the BsmBI site. Finally, as a control, we generated 3 constructs bearing
insertions of a control DNA sequence with matching length (named pR200, pR400 and
pR800, where "R" stands for Random and the following number indicates the length of
the insert in base pairs) (Figure 9A, right).
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Figure 9: Characterization of SV40 constructs containing telomeric repeats
A. Maps of the SV40-based plasmids generated by introducing 34, 54 or 115 telomeric repeats
next to the SV40 origin, either in the natural orientation (with the G-rich strand on the top) or in
the opposite orientation (with the C-rich strand on the top). Plasmids with insertion of a control
sequence of the same length were used as a control. The region of the plasmid containing the
SV40 genome is indicated in green and the one containing the pGEM backbone is indicated in
magenta.
B. Schematic representation of the experimental strategy. At time 0, plasmid DNA together with
a small amount of a GFP-expressing plasmid are transfected into HEK-293T cells using the
Calcium Phosphate method. At 18 hours the transfection efficiency is verified by counting the
GFP-positive cells. After 40 hours, cells are harvested and kept on ice while performing
psoralen crosslinking. Extrachromosomal DNA is then extracted using the Hirt protocol (Hirt,
1967).

3.1.2 Setting the experimental condition for introduction of the SV40 constructs
and the recovery of the replicating molecules.
Once introduced in human cells, the SV40 large T-antigen (Tag) is expressed,
it binds the SV40 origin and uses the host replication machinery to initiate bidirectional
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replication of the minichromosome. Because the Tag is necessary and sufficient for the
activation of the SV40 origin, this construct replicates several times within each cell
cycle generating multiple copies of itself. These vectors accumulate very rapidly and
are not stably maintained in human cells and, therefore, need to be transfected at the
beginning of each experiment. For this reason, in our initial experiments we decided to
use HEK293-T cells, for their ease of transfection, manipulation and the endogenous
expression of large-T-antigen helicase. Other cell lines such as HT1080, HeLa, U20S
and Saos2 were tested but the yield of the replicating plasmids was significantly lower
than the one obtained in HEK293-T cells by comparing the extracted plasmid with a
defined amount of E.Coli in Ethidium Bromide gel (Supplementary Figure 1). The SV40based constructs are introduced into HEK293-T cells by Calcium-Phosphate
transfection together with a GFP-expressing pAcGFP1-C1 plasmid (Figure 9B). The
transfection efficiency is verified by looking at GFP expression after 24 hours and cells
are then harvested 40 hours after transfection, as reported in (Follonier and Lopes,
2014). Importantly, before cell lysis, the DNA is psoralen-crosslinked in vivo; a process
that introduces covalent, inter-strand crosslinks in the DNA and thus stabilizes DNA
structures by preventing branch migration upon deproteinization. This step is widely
used in order to stabilize replication or recombination intermediates (Follonier and
Lopes, 2014; Lopes, 2009). In order to recover replicated SV40 constructs we
employed two different procedures for the extraction of extrachromosomal DNA. The
first is a modified version of the Qiagen miniprep protocol developed by (Follonier and
Lopes, 2014) and based on an modified alkaline lysis, followed by the binding of
plasmid DNA on a silica membrane in the presence of a chaotropic salt. The second,
is the classical Hirt procedure for the purification of extrachromosomal DNA based on
the preferential precipitation of high molecular weight genomic DNA in the presence of
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SDS and high concentration of NaCl (Hirt, 1967). While the two approaches are overall
comparable, in our hands, the first approach gives cleaner DNA preparations (with less
genomic contamination), while the second one has a higher yield.

After

we

recovered the plasmid DNA, we used DpnI digestion to verify replication of the SV40based plasmids in human cells. DpnI cleaves DNA in the recognition sequence GmA |
TC containing adenines methylated by the E. Coli dam methylase, and for this reason
it will digest the plasmid prepared from E. Coli, but not the one replicated in human
cells (Lacks et al., 1986). Indeed, while the plasmid prepared from E. Coli was fully
digested by DpnI, the one purified from 293T cells was not cleaved by DpnI, showing
that it has undergone several rounds of replication in mammalian cells, losing its
methylated status (Figure 10A). Therefore, we are able to recover replicating SV40
plasmid from human cells that can be used for replication intermediates analysis.
Previous studies, using procedures for the extraction of extracromosomal DNA,
have shown that, despite the supposed differential precipitation, a substantial fraction
of extrachromosomal DNA is lost in co-precipitation with the bulk genomic DNA
(Chandok et al., 2011; Hirt, 1967; Nabetani and Ishikawa, 2009). In order to monitor
plasmid distribution between the supernatant (extrachromosomal) and the pellet
(precipitated genomic DNA), we extracted the DNA from the two fractions, digested it
with EcoRI, and analyzed it in a southern blot, hybridized subsequently with probes
recognizing either the pGEM or the SV40 segments of the constructs. Hybridization
with the pGEM probe was used in parallel, in order to exclude potential effects deriving
from the detection of integrated T-antigen sequences in the genome of HEK293-T cells
(Figure 10B). Quantification of the distribution of signal intensity among the two
fractions allowed us to estimate a recovery of around 60% of the plasmid DNA in the
supernatant, while around 40% of the plasmid precipitates with the genomic DNA.
46

Noteworthy, extrachromosomal DNA recovery in our conditions is equal or higher than
previous reports on this procedure (Chandok et al., 2011; Hirt, 1967; Nabetani and
Ishikawa, 2009).
Since our procedure is expected to purify all forms of extrachromosomal DNA,
we used a probe specific for mitochondrial DNA in order to estimate the amount of
mitochondrial DNA present in our preparations and the efficiency of our purification
procedure. We extracted our plasmids with 54 telomeric repeats from HEK293-T cells,
digested with EcoRI and performed a southern blot using the SV40 probe. We next
stripped the membrane and hybridized it with a probe specific for the mitochondrial
genome. EcoRI will cut in three different sites on the mitochondrial genome, generating
3 bands of 8044, 7369 and 1153 bp size. The probe we use will recognize a band of
8044 bp. We confirmed the presence of this mitochondrial band and also an higher
band close to the 10 kb, probably the supercoiled undigested form (Figure 10C).
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Figure 10: Analysis of the replicated plasmids
A. Left: Schematic representation of the SV40 plasmid, indicating the EcoRI restriction sites.
Right: Recovery of the replicated plasmids. SV40 plasmids extracted either from E.Coli (Qiagen
Maxi Prep) or from transfected HEK-293T cells (Hirt procedure) were loaded in parallel in an
agarose gel. The DNA was loaded either as undigested, digested with EcoRI or digested with
DpnI. Note that DpnI digestion requires methylation by the bacterial Dam methylase. The
plasmid recovered from human cell is fully resistant to DpnI digestion indicating that it has been
replicated in human cells, losing its methylated status.
B. Distribution of the plasmid DNA purified with the Hirt procedure. DNA was recovered from
HEK-293T cells 40 hours after the transfection with the SV40 plasmid. The DNA was recoverd
both from the supernatant (extrachromosomal) and pellet (genomic and extrachromosomal)
fractions of the Hirt procedure. 1/10 volumes of the recovered DNA was digested with EcoRI,
separated in an agarose gel, transferred onto a membrane and then subsequently hybridized
with a probe for the SV40 genome (recognized the 5.6 kb fragment, in green) and for the pGEM
backbone (recognized the 3 kb fragment, in purple).
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C. Recovery of the mitochondrial DNA with the Hirt procedure. DNA recovered from the
supernatant, in an experiment as the one described above, was digested with EcoRI and
separated as above. The membrane was subsequently hybridized with a probe recognizing the
SV40 genome and a probe specific for human mitochondrial DNA. A band at 8044 bp is
recognised by the mitochondrial DNA probe (indicated with a black arrow), and is compatible
with the digested form of the mitochondrial genome. The other band, bigger than 10 kb, is
compatible with the supercoiled undigested form of the mitochondrial DNA.
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Supplementary Figure 1. Ethidium Bromide gel showing SV40 plasmids extracted 40 hours
after transfection, respectively from U2OS, Saos2, HT1080, HEK293-T cells lines (Hirt
procedure) and from E-Coli, used as amount of reference (Qiagen Maxi Prep). The arrows
indicate the plasmid and different forms of ribosomal RNA (rRNA).

3.1.3 Intracellular localization of the SV40 construct and interaction with the
shelterin complex
Once we established the conditions for plasmid delivery, replication and
recovery, we used Fluorescence In Situ Hybridization (FISH) analysis to monitor the
intracellular localization and abundance of the SV40 constructs at different times after
the transfection. Cells, growing on glass coverslips were transfected either with the
pR800 or the pTel-N800, fixed at either 18 or 40 hours after the transfection and
subjected to FISH analysis with a (TTAGGG)3 PNA probe recognizing the telomeric
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repeats. In the cells transfected with the control plasmid, a clear punctuate nuclear
signal is visible both at 18 and 40 hours, typical of telomeric FISH (Figure 11A-B). As
expected, the telomeric FISH signal in these cells is indistinguishable from that of
untreated, HEK293-T cells. However, in cells transfected with the plasmid pTEL-N800,
carrying 115 telomeric repeats, strong telomeric signals were detected in FISH analysis
which appeared both as nuclear and perinuclear blobs (Figure 11A). At 18 hours after
transfection, the vast majority of the signal was perinuclear likely reflecting the
transfected DNA that has not entered the nucleus, while at 40 hours after the
transfection the signal appeared to localize preferentially in the nucleus (Figure 11A).
This distribution is likely attributed to plasmid internalization after transfection. We
measured the amount of telomere signal inside the nucleus and, consistently, we
observed an increase in signal intensity in the cells transfected with the plasmid
containing the telomeric repeats but not in cells transfected with the control plasmid
(Figure 11C).
Since we are introducing multiple copies of a plasmid containing telomeric
repeats in the nucleus, we asked whether, in the time scale of our experiments, these
plasmids interfere with the maintenance of telomeres, possibly through recombination
pathways. For this reason, we prepared genomic DNA from HEK293-T cells transfected
either with pR800 or with the pTel-N800 plasmids. Genomic DNA was recovered and
digested with frequent cutters (which leaves telomeric repeats intact) and telomere
length was analyzed in telomere blots. No obvious differences in telomere length were
observed between control 293T cells and cells transfected with the different plasmids,
suggesting that, either at 18 or at 40 hours after transfection, our experimental
conditions do not alter the bulk telomere length (Figure 12A and Supplementary Figure
2). In parallel, we analyzed also the telomere FISH signal in metaphase spreads,
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comparing HEK293-T with or without transfection of the plasmid with telomeric repeats.
From a pilot experiment, comparing cells after the transfection of a plasmids containing
115 telomeric repeats and un-transfected cells, we saw that the presence multiple
extrachromosomal telomeric signals and signal-free ends with the presence of
telomeric repeats on the plasmid DNA, but unfortunately the quality of the metaphases
make it difficult to quantify them (Figure 12B).
One important condition that our system needs to fulfil in order to mimic
replication of telomeric repeats is the presence of the shelterin complex. Indeed, as
mentioned in the introduction, telomeric repeats behave like replication fragile sites and
shelterin components like TRF1 or TRF2 are involved in facilitating telomere replication
(Drosopoulos et al., 2020; Martinez et al., 2009; Sarek et al., 2015; Sfeir et al., 2009;
Zimmermann et al., 2014). Previous studies have shown that the shelterin complex can
associate with interstitial TTAGGG repeats and assist their replication (Bosco and de
Lange, 2012), as well as with telomeric repeats localized on episomal vectors (Deng et
al., 2003). Therefore, we asked if the shelterin complex is loaded on the telomeric
repeats present in the constructs we generated, as expected. As a readout of the
shelterin complex association, we monitored loading of TRF1 specifically on the
constructs containing telomeric repeats, by Chromatin Immunoprecipitation (ChIP)
analysis. HEK293-T cells were transfected either with the pR800 or with the pTel-N800
plasmids and 40 hours after the transfection cells were harvested, fixed and processed
for ChIP. In three independent experiments we observed a significant enrichment of
TRF1 on the plasmid containing 115 telomeric repeats, compared to the control plasmid
bearing a control sequence using quantitative PCR (q-PCR) (Figure 13). This
experiment further supports the use of the SV40 system as a model for the replication
of the telomeric repeats in the cell.
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Figure 11: Intracellular localization of the SV40 construct
A. Telomere-FISH indicating the intracellular localization of the plasmid containing the
telomeric repeats. HEK293-T cells were transfected with pTel-N800 with 115 telomeric or a
control plasmid containing a control sequence of the same length (pR800). Next, cells were
plated on Poly-D-Lysine-coated coverslips, and fixed either at 18 or at 40 hours after
transfection. Telomeres were detected by FISH with a Cy3-labeled TTAGGG3 probe (red). Dapi
staining in blue.
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B. Representative images of HEK293-T fixed nuclei with methanol-Acetic Acid. Cells were
transfected as in the experiment described above and fixed 40 hours after transfection. With
white arrows are indicated the nuclei transfected with the telomeric plasmid (with higher
telomeric signal), while un-transfected nuclei are indicated with green arrows (with a normal
telomeric signal). The FISH was performed as in the experiment described above.
C. Quantification of the telomere FISH signal inside the nucleus for the conditions shown in (A).
At least 130 cells were analyzed for each condition. Each dot represents the value for one
nucleus. Bars represent the mean with the standard deviation.
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Figure 12: Effects of the transfection of the SV40 construct on HEK293-T cells
A. No obvious changes in bulk telomere length following transfection with the SV40 plasmid
containing the telomeric repeats. HEK293-T cells were transfected with the indicated plasmids.
Total genomic DNA was extracted 40 hours after the transfection, digested with RsaI, HinfI,
EcoRI and separated on an agarose gel. The DNA was then blotted on a membrane and
hybridized with a radioactive probe against the telomeric repeats. Note that EcoRI digestion in
the pTel-N800 cuts in an insertion site in the middle of the 115 telomeric repeats, generating
two bands of ~350 bp that here migrate out of the gel. For a different run that includes those
bands see (Supplementary Figure 2).
B. Metaphase spreads of HEK293-T cells or cells after the transfection of the plasmid pTelN800. 40 hours after transfection, metaphases were spreaded with methanol-Acetic Acid and
telomeres were labeled by FISH with a Cy3-labeled TTAGGG3 probe. Dapi staining in blue.
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Supplementary Figure 2. No obvious changes in bulk telomere length following transfection
with the SV40 plasmid containing the telomeric repeats. HEK293-T cells were transfected with
the indicated plasmids. Total genomic DNA was extracted 18 and 40 hours after the
transfection, digested with RsaI, HinfI, EcoRI and separated on an agarose gel for a shorter
time respect Figure 12. The DNA was then blotted on a membrane and hybridized with a
radioactive probe against the telomeric repeats. The two bands of ~350 bp, indicated with a
black arrow, are the pTel-N800 plasmid, recovered with the genomic extraction and digested
in 2 fragments by EcoRI digestion.
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Figure 13: Interaction of the SV40 construct with the shelterin protein TRF1
Chromatin Immunoprecipitation analysis showing the enrichment of the shelterin component
TRF1 in the plasmid containing the telomeric repeats. HEK293-T cells were transfected with
the indicated plasmids, fixed 40 hours after the transfection and processed for Chromatin
Immunoprecipitation with an antibody against TRF1. The presence of the plasmid-specific
sequences was quantified by q-PCR. Quantification from three independent experiments,
showing association of TRF1 specifically with the plasmid carrying the telomeric repeats. Error
bars indicate standard deviation. P-value = 0.0306 was calculated from unpaired, two-tailed,
Student's t-test.

3.2

Analysis of the replication intermediates of the SV40

minichromosome in human cells.

Once established the experimental conditions for the recovery of the replicating
SV40 constructs and verified the loading of the shelterin complex on the episomal
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telomeric repeats, we moved into setting up the conditions for the structural analysis of
the replication intermediates from the different constructs using two-dimensional
agarose gel electrophoresis (2D-gels). Previous studies have shown that these SV40
plasmids, once transfected in human cells, replicate with high efficiency and their
replication intermediates can be purified from the genomic DNA, and subsequently
analyzed in 2D-gels (Follonier and Lopes, 2014).
2D-gel analysis allows the visualization of replication and recombination
intermediates at a given restriction fragment. 2D-gels can reveal replication fork
pausing or fork reversion and processing as well as the presence of recombination
intermediates at the analyzed locus. When combined with genetic analysis they are a
powerful tool for the study of the molecular mechanisms of DNA replication and recombination (Lopes, 2009). In order to analyze the replication intermediates originating
from the SV40 origin and replicating, either through the telomeric repeats or through
the control sequences in 293T cells, 40 hours after the transfection cells were
harvested, the DNA was psoralen crosslinked before cell lysis and then
extrachromosomal DNA was extracted using the Hirt procedure. The recovered
material was digested with EcoRI and DpnI (to remove the unreplicated molecules).
EcoRI cuts twice in the backbone of our constructs generating a 3.0 kb fragment
containing the pGEM backbone (Figure 14C, segment in magenta) and a 5.45 kb
fragment, which contains the SV40 origin and the telomeric inserts, that will be
analyzed by 2D-gels throughout this work (Figure 14C, green segment). The expected
replication intermediates generated at the SV40 fragment are shown in Figure 14A and
their expected migration profile in 2D gels is shown in Figure 14B. In a pilot 2D-gel
experiment, using the plasmid pTel-N200, with 34 telomeric repeats, we monitored the
2D-gel profile in both restriction fragments indicated above, by hybridizing the
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membrane subsequently with the SV40 and then the pGEM probes (Figure 14A). When
we follow the replication intermediates in the SV40 fragment, we can detect different
structures generated during replication. The bubble arc, indicating activation of the
SV40 origin of replication, is visible (Figure 14-C, structures in green). As expected,
together with the bubble arc, a population of large Ys, generated when one of the two
forks of the bubble structure moves outside the restriction fragment, is also visible
(Figure 14B-C, structures in blue). A population of X-shaped (Figure 14B-C structures
in orange) and termination intermediates (Figure 14B-C structures in purple) are also
detected and will be discussed later. As expected, the pGEM fragment did not show a
bubble arc, but rather a diagonal signal likely deriving from termination events that are
expected to occur in that region of the plasmid (Figure 14A, indicated by the red arrow
termination).
Apart from the expected intermediates, several spots were visible in the 2D-gel
profile (indicated by red arrows in Figure 14A): one at the top of the bubble arc (spot
1), two above the monomer spot (spots 2 and 3) and one migrating as a larger linear
form (spot 4). These spots were detected both in control as well as in plasmids carrying
telomeric repeats and their intensity varied among different experiments. Sequential
hybridization of the same membrane with the probes recognizing the two different
restriction fragments of the plasmid showed that all the spots described above are
detected by both probes, as it becomes clearly visible by overlapping false-colored
images of the two hybridizations. Because these spots were detected by both probes,
we concluded that they are generated by undigested or partially-digested forms of the
plasmid. Based on the migration profile, spot 1 likely corresponds to the nicked
(relaxed) circular form of the plasmid, because it migrates slowly both in the first and in
the second dimensions. Spot 2 on the other side migrates fast in both dimensions and
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therefore likely corresponds to the supercoiled form. Spot 3 on the other hand has a
hybrid behavior as it migrates as the supercoiled form in the first dimension and as the
relaxed form in the second dimension, suggesting that these are forms of the plasmid
that were nicked during the preparation of the second-dimension gel (probably nicked
during the imaging of the 1st dimension gel under the UV). Finally spot 4, which migrates
on the linear arc, represents the linearized form of the plasmid due to partial digestion
in one of the two EcoRI sites. This is also confirmed by the replication intermediates
arising from this linear form detected as a Y-arc and small bubble arc (Figure 14A). In
order to avoid the presence of undigested forms of the plasmids in our 2D-gels, in the
next experiments shown for these plasmids we decided to use a combination of two
restriction enzymes EcoRI and NotI (which cuts 7 and 9 base pairs next to each of the
EcoRI sites), solving the partial digestion problem.
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Figure 14: Two-dimensional agarose gel analysis of replication intermediates from the
SV40 construct
A. Example of 2D-gel analysis of the EcoRI-digestion of an SV40 plasmid. Top: after separation
in 2D-gels and transfer, the membrane was hybridized with a probe comprising the whole 5.45
kb SV40 fragment (the green part of the plasmid scheme). The same image is shown in
greyscale and false-coloured in green for visual verification of signal overlapping among two
different probes. Middle: the same membrane was stripped and rehybridized with a probe
comprising the 3 kb pGEM fragment (the magenta part of the plasmid scheme). The same
image is shown in greyscale and false-colored in magenta for visual verification of signal
overlapping among two different probes Bottom right, merged image of the two hybridizations
signal above. The signals that are recognized by both probes appear as white and represent
undigested forms of the plasmids (indicated with the numbered arrows). Bottom left,
interpretation of the of the undigested plasmid forms that migrate in the spots indicated above.
B. Schematic representation of replication intermediates generated at the EcoRI fragment of
the plasmids shown in figure 9A. The linear form is shown in grey, together with the origin of
replication in yellow and the telomeric repeats in red. Bubble-shaped intermediates, indicating
activation of the SV40 origin of replication are shown in green. Y-shaped intermediates,
generated when one of the two forks moves outside the restriction fragment are shown in blue.
X-shaped intermediates, representing branched structures with 4 arms, formed by fork
reversion or recombination are shown in orange. Termination intermediates (double Ys),
generated when 2 forks converge in the restriction fragment, are shown in light purple.
C. Schematic representation of the migration in 2D-gel of the DNA structures shown in B. The
colour code from B is maintained. For termination intermediates only the migration arc is
indicated.
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3.3

2D-gel analysis reveals an accumulation of X-shaped

intermediates in the presence of long stretches of telomeric repeats.

In order to analyze replication intermediates in 2D-gels, we transfected HEK293T cells with plasmids containing: 34, 54 or 115 telomeric repeats, each of them either
in the natural orientation (with the G-rich template replicated as the lagging strand) or
in the reversed orientation (with the G-rich template replicated as the leading strand).
As a control, for each plasmid, we used the same construct containing an insertion of
a control sequence of matching length (i.e. 200, 400 or 800 bp respectively) (Figure
9A). 40 hours after the transfection, the DNA was first psoralen-crosslinked in vivo and
then the plasmids were extracted and digested with EcoRI-NotI (the plasmids with 34
and 54 telomeric repeats) or SacI-BamHI (the plasmid with 115 telomeric repeats). Both
digestions generate similar restriction fragments which are indicated in Figure 15A and
B. The restriction fragment containing the SV40 origin of replication and the telomeric
repeats was analyzed in 2D-gels (Figure 15A). The control fragment containing the
control sequences of DNA shows the standard 2D-gel pattern of a restriction fragment
that contains an active origin of replication near the middle. It has a complete bubble
arc and a large Y-signal formed by one of the two replication forks moving outside the
restriction fragment (Figure 15A). A faint spike signal indicative of some X-shaped
intermediates forming in these conditions, is also visible (Figure 15A). Importantly, the
overall amount of replication intermediates (i.e. the intensity of the bubble and Y-s
signal over the linear form visible as a monomer spot) is variable among different
experiments and may reflect variabilities in the transfection quality and its effect on
HEK293-T cell proliferation (Supplementary Figure 3). Overall, the quality of the
replication intermediates in the fragments containing the telomeric repeats was similar.
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A bubble arc and a large Y-signal were clearly visible, showing that the presence of the
telomeric repeats does not interfere with the activation of the SV40 origin in this system.
The lack of intense spots in the bubble or the large Y-s arc suggests that the replisome
does not pause or stall for a prolonged time at the beginning of the telomeric repeats.
This was true for both orientations of telomeric repeats (Figure 15A). Overall, these
results suggest that telomeric repeats inserted, in the episomal SV40 vector, are
replicated efficiently by the mammalian replisome. Apart from showing the standard
replication intermediates, constructs containing the telomeric repeats showed a slight
accumulation of X-shaped intermediates. These structures migrate in an area of the
gel known as the cone signal that correlates with the accumulation of reversed forks
(Lopes et al., 2001). This phenotype appeared to be strictly dependent on the length of
the tract containing the telomeric repeats. Indeed, quantification of the intensity of the
cone signal, normalized over the intensity of all replication intermediates, showed only
a minor increase in the constructs with 34 or 54 telomeric repeats (Figure 15A), while
the constructs containing 115 telomeric repeats, showed around 40% more
accumulation of X-shaped intermediates (cone signal), over multiple experiments,
compared to the respective control of matching length (Figure 15B and Supplementary
Figure 3). This result confirms that telomeric repeats are hard-to-replicate loci and
shows that their replication is associated with the accumulation of X-shaped
intermediates that occurs in a length-dependent manner. Importantly, in our setting,
accumulation of X-shaped intermediates occurred independently of the natural or
reverse orientation of the telomeric repeats (Figure 15-B). This result suggests that, at
least in this setting, the source of the replication problem at telomeric repeats does not
derive from the direction of the replication, (e.g. specific to the replication of the G-rich
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filament as the lagging strand), but seems to be dependent only on the mere presence
of the repeats.
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Figure 15: 2D-gel analysis of telomeric replication intermediates reveals an increase of
X-shaped intermediates
A. Left: Schematic representation of the SV40 plasmid on the top, indicating the EcoRI-NotI
restriction sites, and the migration of replication intermediates on the bottom. Right: 2D-gel
analysis of the SV40 fragment from plasmids containing 34 and 54 telomeric repeats (from top
to bottom). The plasmids described in Figure 9A, were recovered from HEK293-T cells,
digested with EcoRI-NotI, separated in 2D-gels and hybridized with a probe recognizing the
SV40 fragment. See (Figure 14B-C) for interpretation of the 2D-gel migration profile.
B. Left: Schematic representation of the SV40 plasmid, indicating the SacI-BamHI restriction
sites. Right: 2D-gel analysis of the SV40 fragment from the plasmids containing 115 telomeric
repeats and the respective control. The plasmids were recovered from HEK293-T cells,
digested with SacI-BamHI and separated in 2D-gels. After transfer, the membrane was
hybridized with a radioactive SacI-BamHI fragment from the pTel-N800 plasmid. Red arrows
on the bottom line indicate the cone signal.
C. Quantification of the ratio of the cone signal compared to the total intermediates was
quantified from the 2D-gels shown in A. The values are reported relative to those of the control
plasmids with control repeats, which was arbitrarily set to 1.
D. Quantification of the ration of the cone signal compared to the total intermediates in the
plasmids containing 115 telomeric repeats. The bars indicate mean and standard deviation
from 5 independent experiments for the pTel-N800 plasmid and 3 independent experiments for
the pTel-R800 plasmid. P-values, calculated from unpaired, two-tailed Student's t-test are
0.0041 and 0.0011 for the pTel-N800 and pTelR800 plasmids respectively.
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Supplementary Figure 3. 5 independent 2D-gel analysis of the SV40 fragment from plasmids
containing 115 telomeric repeats. The plasmids were recovered from 293-T cells, digested with
SacI-BamHI, separated in 2D-gels and hybridized with a probe recognizing the SV40 fragment.
The percentage of cone signal in these experiments is shown in figure 15D.
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3.4

Analysis of replication intermediates of the SV40-based

system in human cells using Electron microscopy

Once established the accumulation of X-shaped intermediates at telomeric
repeats in 2D-gel analysis, we decided to purify the telomeric replication intermediates
and analyze them by Electron Microscopy, in order to determine exactly what kind of
intermediates are generated by telomeric repeats in human cells. In particular, we were
interested on the nature of the X-shaped intermediates that are formed in our plasmids
with telomeric repeats. X-shaped intermediates can be generated by different events,
like homologous recombination or replication fork reversion and, these structures can
be often distinguished in EM based on the length and symmetry of the arms. In order
to perform the EM technique for the visualization of the intermediates generated by our
plasmid, we need to solve some technical problems. In fact, we need to have DNA
preparations that contain specifically our plasmid and a large-enough representation of
their replicating forms. For these reasons, plasmid DNA was extracted and digested
with EcoRI-NotI or SacI-BamHI as for 2D-gel analysis, but in addition, in order to
eliminate any residual genomic DNA or other extrachromosomal DNA present in our
preparations, we selected Hpy99I a frequently-cutting restriction enzyme that does not
contain restriction sites in our fragment of interest and included it in the digestion mix
(Figure 16A). Moreover, we know that with our plasmid extraction we obtained also
mitochondrial DNA that, using the frequent cutter enzyme, will generate a fragment of
7182 bp in the mix with the digested plasmid with 115 telomeric repeats. For this
reason, knowing the exact length of the expected restriction fragment, we can verify
that the molecules being analyzed are coming from our plasmid by measuring their
length. Following restriction digestion, the DNA was separated in a preparative agarose
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gel, in the absence of ethidium bromide. The DNA that migrates above the linear form
of the SV40 fragment (corresponding to the 5.45 kb band) was isolated from the
preparative gel, in order to enrich for the specific replication intermediates generated
by the plasmid (Figure 16A). As expected, the molecules recovered from the area of
the gel where replication intermediates migrate, contained more DNA structures than
the molecules recovered from the linear band. However, we also found a large amount
of linear DNA also in the RI area of the gel, in part due to a smearing effect (imperfect
separation) of linear forms (although some structure resolution/breakage during
isolation cannot be excluded). However, their length corresponded to the one of the
EcoRI-NotI or BamHI-SacI fragment of SV40, showing that the large majority of the
molecules that we recover with our procedure are indeed coming from the plasmid
(Figure 16B-C). The recovered DNA was spread with the BAC method, captured on
carbon-coated EM grids, stained with uranyl acetate and rotary shadowed with
Platinum as described in (Lopes, 2009). DNA structures matching the length of the
5263 bp restriction fragment were the large majority of the structures detected in EM,
while the structures that do not match this length are around the 16% of the molecules
photographed, and were not included in the analysis because are not replication
intermediates of the SV40 constructs. The structures recovered from the area
corresponding to the replication intermediates matched the classes of intermediates
that were detected on 2D-gels. We performed three independent experiments using
pR800 and pTel-N800 plasmids. DNA structures were acquired in EM, and then were
analyzed in blind mode. Only structures with a length that matches the one of our
restriction fragment were included in the analysis. In 3 experiments we analyzed from
44 to over 200 molecules for each sample (Figure 17A). These molecules were
categorized as bubbles-shaped, when both forks were inside the restriction fragment,
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Y-shaped with symmetric arms, when only one fork was in the restriction fragment, Yshaped with asymmetric arms, likely deriving from broken bubble structures,
termination double Y-structures with two forks converging in the restriction fragment,
X-shaped symmetric and X-shaped asymmetric intermediates (Figure 17A-B). Bubbleshaped intermediates, with both forks contained in the restriction fragment, represented
around the 30-40% of all the structures (Figure 18-19). Often, short single-stranded
regions were present at the fork junctions (indicated by red arrows in Figure 18-19).
We noticed an accumulation of bubble-shaped intermediates containing
reversed forks in the pTel-N800 plasmid carrying the telomeric repeats and in most
cases, was only one of the two fork to appear in a reversed configuration (Figure 1917A). Y-shaped intermediates (Figure 20-21), with only one fork in the restriction
fragment, represent 40% of all intermediates. In addition, we also detected few
termination structures, containing two forks that converge in the restriction fragment
(Figure 22-23). Termination intermediates were significantly more frequent in the
plasmid with the telomeric repeats, representing around 4.5 % of the structures (19
molecules in total among the 3 experiments) while in the plasmid with a control
sequence two termination structures were observed only in one experiment, an overall
frequency of 0.6 % of the structures. Normally, in this plasmid, termination occurs on
the opposite site of the SV40 origin, outside our restriction fragment. The over 7-fold
increase in termination intermediates in the plasmid with the telomeric repeats,
indicates that often, one of the two forks originated from the SV40 origin undergoes
prolonged pausing, while the other fork replicates around the plasmid to meet the
stalled fork, close to the SV40 origin.
Importantly, X-shaped intermediates compatible with a reversed fork structure
(i.e. containing two arms of equal length and a reversed arm equal or shorter than the
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two symmetric ones) are significantly increased in the presence of telomeric repeats
(Figure 23-17C). This result confirms the data obtained by 2D-gels and provides direct
evidence for the accumulation of fork reversion events at telomeric repeats in vivo. The
significant accumulation of X-shaped intermediates at plasmids with the telomeric
repeats is consistent with the fact that telomeric repeats are hard to replicate and with
an in vitro study showing replication fork regression at repetitive DNA (Fouche et al.,
2006a).
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Figure 16: Analysis of replication intermediates of the SV40-based system in human
cells using EM
A. Schematic representation of the recovery of linear and replicating forms from the fragment
containing the SV40 origin and the telomeric repeats from pTel-N400. Plasmid DNA recovered
from HEK293-T cells was digested with EcoRI-NotI and frequent cutter enzymes and separated
in a preparative gel. The 5.45 kb band (corresponding to the linear fragment, in green) and
DNA migrating above the linear form (corresponding to the replicating forms, in pink) were
recovered from the gel for EM analysis.
B. Length distribution of linear DNA molecules recovered from the area of the gel containing
the linear fragment from the experiment described above. Around 70% of the molecules match
the length of the SV40 fragment, showing that the majority of the molecules recovered from
this area are indeed coming from the plasmid.
C. Percentage of replication intermediates DNA molecules, divided between the molecules that
have the expected size or not.
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Figure 17: EM analysis of telomeric replication intermediates shown an increase of Xshaped intermediates
A. Table indicating the number of molecules for each category in which the EM molecules,
recovered from the extraction of control and telomeric plasmids, were divided in three
independent experiments.
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B. Schematic representation of the molecules present in each category, corresponding to the
number of the table in A.
C. Percentage of reversed forks respect the total intermediates, calculated with EM analysis,
in the plasmids containing 115 telomeric repeats (pTel-N800) and the respectively control
(pR800). Plasmid DNA recovered from HEK293-T cells was digested with SacI, BamHI and
frequent cutter enzymes and separated in a preparative gel. The 5.3 kb band, corresponding
to the replicating forms, were recovered from the gel for EM analysis. The quantification derived
from 3 different experiments, where the intermediates analyzed from each condition and
experiment were respectively at least 114, 83 and 42. P-values, calculated from unpaired, twotailed Student's t-test is 0.0107.
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Figure 18. Examples of bubble-shaped molecules recovered from the replication intermediates
area of the control plasmid pR800. Schematic representation of each the replication
intermediates shown were drawn in red. Red arrows indicate ss DNA present inside the bubble.

74

Restriction fragment pTel-N800
Ori

180nm

180nm

180nm

180nm

180nm

180nm

Figure 19. Examples of bubble-shaped molecules recovered from the replication intermediates
area of the pTel-N800 plasmid. The figures in the bottom represent bubble-shaped
intermediates with a fork reversion. Schematic representation of each the replication
intermediates shown were drawn in red. Red arrows indicate ss DNA present inside the bubble.
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Figure 20. Examples of Y-shaped molecules recovered from the replication intermediates area
of the control plasmid pR800. The figure on the bottom right represent asymmetric Y-shaped
intermediates, interpreted as broken bubble molecules. Schematic representation of each the
replication intermediates shown were drawn in red.
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Figure 21. Examples of Y-shaped molecules recovered from the replication intermediates area
of the pTel-N800 plasmid. The figures in the bottom represent asymmetric Y-shaped
intermediates, interpreted as broken bubble molecules. Schematic representation of each the
replication intermediates shown were drawn in red.

77

Restriction fragment pR800
Ori

180nm

180nm

180nm

180nm

180nm
180nm

180nm

Figure 22. Examples of X-shaped molecules recovered from the replication intermediates area
of the control plasmid pR800. Magnification figures of the junction are shown on top right area
of the images. The image on the bottom right, represents a termination intermediate. Schematic
representation of each the replication intermediates shown were drawn in red.
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Figure 23. Examples of X-shaped molecules recovered from the replication intermediates area
of the pTel-N800 plasmid. Examples of X-shaped molecules recovered from the replication
intermediates area of the control plasmid pR800. Magnification figures of the junction are
shown on top right area of the images. The images on the bottom, represent a termination
intermediate. Schematic representation of each the replication intermediates shown were
drawn in red.
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3.5

Setting up a quantitative assay for the efficiency of telomeric

repeats replication in the cell.

We observed, both in 2D-gels and in EM analysis, that replication forks are more
likely to stall and undergo reversion when replicating telomeric repeats. Given these
results, we reasoned that in our setting also the overall efficiency of the replication and
therefore copy number amplification for the plasmids containing the telomeric repeats
will be affected. That is, the overall yield of the construct with the telomeric repeats will
be lower. Therefore, we decided to set up a quantitative assay for the replication of the
constructs containing telomeric inserts. We thought that this assay could provide an
important tool for the analysis of the replication efficiency of telomeric repeats in
different settings, including mutations in candidate genes or conditions associated with
replication stress and genome instability. The assay consisted in transfecting the cells
with the constructs of interest and then measuring the yield of each construct by
quantitative PCR (q-PRC). Given that the final yield for each experiment is variable and
depends on the efficiency and eventual cell lethality induced by the transfection, we set
up the experimental procedure by transfecting the same plate with a 1:1 mix of the
plasmid bearing the telomeric repeats and the control plasmid bearing a control
sequence. Furthermore, in order to increase the accuracy of our procedure, an aliquot
of the original transfection mix was used as a normalizing control in the q-PCR analysis.
40 hours after transfection the plasmids DNA were recovered using the HIRT extraction
protocol. As internal control for the q-PCR analysis, I used a pair of oligos called
SV40_qPCR_control_Fw and SV40_qPCR_control_Rev that anneal on a sequence of
the SV40 backbone present in both plasmids (Figure 24A, indicated in blue). I used a
forward oligo (SV40_Fw), that anneals before the insert in both plasmids, in
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combination with either a control-specific or a telomere-specific reverse oligo. The
telomere-specific oligo recognizes only the pTel-N plasmid, while the control-specific
oligo recognizes only the pR800 plasmid (Figure 24A, indicated in grey for the control
plasmid and in red for the telomeric plasmid). In this way, we analyzed a replication
rate of a single plasmid, from a mixed population, using specific oligos that recognized
specifically the telomeric sequence, the control sequence or a common sequence used
as internal control. Using the threshold cycle (Ct) obtained using each couple of oligos,
we calculate the fold change of pTel-N800 with respect to the control plasmid using the
2-DDCt method, where the DDCt correspond to [(Ct telomeric - Ct internal control) - (Ct
control - Ct internal control)] (Livak and Schmittgen, 2001). Moreover, in order to
exclude an inequality between the different plasmids in the original transfection mix, we
multiplied the obtained fold change with the ratio between control and telomeric Ct of
the transfection mix. In three independent experiments using the plasmid pTel-N800
and the respective controls, we saw a 30% reduction in the recovery of the construct
with the telomeric repeats (Figure 24B). This result is consistent with our observations
in 2D-gels and EM of replication fork reversion at telomeric repeats and furthermore,
provides an easy and quantitative tool to analyze telomere replication problems.
Having established this procedure for our setting with HEK293-T cells, we
decided to perform the same type of experiment in other human cell lines that are
telomerase-positive HeLa and HT1080 as well as in U2OS and Saos2 cells that
maintain telomeres through the ALT pathway. In one preliminary experiment, we
observed that overall, the replication efficiency of the construct containing the telomeric
repeats is lower in these cell lines compared to HEK293-T cells, with the higher
decrease observed in HeLa cells (Figure 24B). This result needs to be further confirmed
in other biological replicates, and it opens the possibility to use this tool for the analysis
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of telomere replication efficiency in different genetic backgrounds and for identify new
factors in screening assay.
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Figure 24: q-PCR analysis confirmed the difficulty of replicate telomeric region
A. Schematic representation of control and telomeric plasmids with the couple of oligos used
for thq q-PCR analysis. SV40-qPCR, indicated in blue on both the plasmids, represent the
couple of oligos that recognized the common part of the SV40 backbone. Random-specific,
indicated in grey on the control plasmid, represent the couple of oligos that recognized only the
control plasmid. Telo-specific, indicated in red on the telomeric plasmid, represent the couple
of oligos that recognized only the pTel-NN plasmid.
B. Fold change of pTel-N800 respect the control plasmid pR800 in different human cell lines.
Transfected pTel-N800 together with the respectively plasmid with control sequence in different
cell lines. After 40 hours we compared their replication rate using their Ct obtained by q-PCR.
We analyzed a replication rate of a single plasmid, from a mixed population, using specific
oligos that recognized only the telomeric or the control sequence present in the plasmid.
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4. Discussion

Human telomeres are highly heterogeneous in length, which makes it difficult to
analyze their replication intermediates using standard techniques as 2D-gels. To
overcome this problem we decided to introduce telomeric repeats of different length in
an SV40 minichromosome system, already used to follow replication fork progression
in human cells (Follonier et al., 2013). The use of this system allows us to easily
separate the replicating plasmid DNA from the genomic DNA in different cell lines.
Moreover, the fact that we cloned the telomeric sequence in a precise position next to
the SV40 origin of replication, allow us to analyze the replication intermediates
generated at telomeric repeats using 2D-gels and electron microscopy. While this
system has several practical advantages, we should point out that there are also some
differences with the natural telomere setting. The main limitation of this system consists
in the fact that it’s a circular DNA with a different topology from the terminal telomeric
sequences. This mean that with our plasmid system we cannot address eventual
problems occurring during the replication due to telomere conformation, like the t-loop.
In fact, failure in the t-loop unwinding, normally promoted by RTEL1, is known to be a
source of replication stress (Sarek et al., 2015). Other minor problems of this system
are that it can be used only in cell that express Tag helicase, in order to guarantee the
activation of the SV40 origin, and that it amplifies independently of the cell cycle of the
host cells. Its use is limited to human cells and cannot be used in mouse cell lines.
However, we show that telomeric repeats in our system were bound by the
shelterin complex and therefore provide a good model to study telomere replication fork
progression and analyze telomere replication problems, opening the possibility to use
this system to screen different conditions and mutants. Indeed, using this system we
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detected all the expected intermediates from the restriction fragment analyzed and an
accumulation of X-shaped molecules in the plasmid with telomeric repeats, both using
2D-gels and EM.
The X-shaped molecules could form as a consequence of recombination of
telomeric inserts from different plasmids, or through fork reversion. In the first case,
recombination would generate structures that have 2 x 2 symmetry (ie. 2 couples of
equal arms) or asymmetric X-shaped intermediates, in the case of unequal
recombination between telomeric repeats. However, in both cases the molecules will
consist of the full length insert. EM analysis showed that the vast majority of the
structures were compatible with reversed forks, suggesting that this is more consistent
than recombination between different molecules inside the nucleus.
Importantly, we observed that both in 2D-gels and EM, accumulation of Xshaped intermediates was dependent on the length of the telomeric repeats, but not on
their orientation. This can be explained with the difficulty of the replication fork that
increase with the telomere length, leading to fork reversion events at telomeres. It has
been proposed that replication of the G-rich strand as the lagging strand, can lead to
the formation of G4-DNA after exposure of the single strand during lagging strand
replication (Zimmermann et al., 2014). We saw that in our setting telomere replication
problems were independent of the orientation. This result suggests that replication of
the G-rich telomeric strand by the lagging strand machinery does not necessarily result
in an accumulation of G4-DNA compared to the same strand being replicated by the
leading strand machinery.

While our results do not rule out some orientation-

dependent telomere replication problems occurring at natural telomeres, they point out
to orientation-independent telomere replication problems that occur at TTAGGG
repeats.
84

For instance, it has been proposed that the presence of the shelterin
components can induce fork stalling in vitro (Ohki and Ishikawa, 2004). This would be
independent from the orientation of the telomeric repeats and therefore is consistent
with our results.
Work done in our lab in the past years has found that, in the presence of singlestranded damage, telomeres tend to form intramolecular loop structures (i-loops),
resulting from the exposure of homology at sites of DNA damage (Mazzucco et al.,
2020). It has been proposed that i-loops could represent an additional source of
replication stress at telomeres by hindering the progression of telomere replication forks
and thereby contributing to replication stress and telomere fragility.

Importantly,

formation of i-loops is expected to interfere with telomere replication in a way that is
orientation-independent, although this point has not been verified experimentally.
Using EM analysis, we detected an accumulation of termination intermediates,
specifically in the presence of telomeric repeats. Normally, in these constructs, if both
forks progress unperturbed, termination is expected to occur at or near the middle of
the plasmid, opposite to the SV40 origin. Considering an average fork speed of 1 kb/min
reported in mammalian cells, it should take about 9 minutes for each fork to replicate
through half of the plasmid, until they meet at the termination region (Daboussi et al.,
2008). However, if one of the two forks is stalled soon after origin firing, then the other
one can continue to replicate the rest of the plasmid and termination will occur in our
restriction fragment containing the origin of replication. Therefore, an increase in
termination intermediates in the plasmid containing the telomeric suggests that in those
cases, one of the forks originated from the SV40 origin (presumably the one running
towards the telomeric repeats), has undergone stalling or prolonged pausing lasting at
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least a few minutes, which is the time necessary for the opposite fork to go around the
8972 kb plasmid.
Based on the molecular data obtained in 2D-gels and EM, we set up a
quantitative-PCR assay for the replication efficiency of the telomeric repeats. While we
are still performing some troubleshooting of the different experimental conditions, we
believe that this assay could be an important tool for the screening of different mutants
and conditions in terms of the effect they have on telomere replication. This tool,
together with the 2D-gel procedure and the EM approach for the visualization of
replication intermediates that were developed during this thesis, will provide a platform
for the genetic analysis of candidate genes involved in the replication stress response
in general and in telomere replication in particular.
I will focus my study in the role of the shelterin proteins TRF1 and TRF2 in the
replication of telomeric repeats in our system. TRF1 is a key player in telomere
replication and TRF2 has several features like binding and protection of Holliday
junctions and t-loop formation that suggest a possible involvement in telomere
replication (Fouche et al., 2006a). Successively, we will investigate also the contribution
of others factors in telomere replication. In particular, we will focus on the replication
stress response pathway involved in telomere replication, analyzing different RecQ
helicases such as Blm, Wrn and RecQL4, Rtel1, SLX4 nucleases like Mus81and Slx1,
Apollo, ATR pathway, telomerase and TERT factor. In particular, since recent finding
have shown that increase level telomerase generates reversed fork, through RTEL1
loss, we are interested to confirmed this phenotype using our system (Margalef et al.,
2018). Moreover, we will validate the effect of endogenous structures, present at
telomeres, on the replication of telomeric repeats, for example using specific G4ligands as Pyridostatin (PDS). We will also analyze the replication intermediates of the
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mammalian telomeric repeats in Alternative Lengthening of telomere (ALT) human cell
lines and other human cell lines with longer telomeric repeats, by the expression of the
Tag helicase which is required for minichromosome replication.
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5. Telomeres enrichment Materials

Cell Culture
1. D-MEM (Lonza, BE12-614F); Mc Coy’s 5 A with Glutamax (Life
Technologies, 36600-088)
2. Fetal bovine serum (EuroClone, ECS0180L)
3. Penicillin and Streptomycin (EuroClone, ECB3001L)
4. L glutamine (EuroClone, LOBE17605F)
5. PBS with Ca++ and Mg++ (Life Technologies, 14080-089)
6. and trypsin-EDTA in PBS (Euroclone, ECB3052D-20)

Psoralen Crosslinking
1. PBS with Ca++ and Mg++ (Life Technologies, 14080-089)
2. 4, 5′, 8-trimethylpsoralen (Sigma, T6137). Prepare a stock solution 2 mg/ml
in DMSO. Dissolve by vortexing repeatedly at RT. Make aliquots and store
at -20˚C. Discard after 3 thaw-freeze cycles.
3. Magnetic Stirrer Topolino (RGmania, 327558).
4. UV Stratalinker 1800 (Stratagene)
5. 365 nm UV bulbs (model UVL-56, UVP)

Cell lysis and DNA purification
1. TNE (Tris 10 mM pH 8.0, NaCl 100 mM, EDTA 10 mM)
2. TNES (Tris 10 mM pH8.0, NaCl 100 mM, EDTA 10 mM; 0.5% SDS)
3. Proteinase K (Roche, 3115887001). Prepare a 10 mg/ml stock in H2O,
make aliquots and store at -20˚C.
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4. RNaseA (Sigma, R500). Make boiled RNase A according to CSH
protocols: Dissolve at 10 mg/ml in 0.01 M sodium acetate (pH 5.2); heat
the solution to 100oC for 15 minutes. Let it cool down to RT and then bring
the pH to 7.4 by adding 1/10 vol of TRIS-Cl 1M pH 7.4 Make aliquots and
store at -20˚C.
5. Phenol Chloroform Isoamyl alcohol 25:24:1 (Sigma, P2069). Supplement
the pre-equilibrated PCI with 1 mg/ml 8-Hydroxyquinoline (Sigma, H6878100G).
6. Chloroform (VWR, 22711)
7. Isopropanol
8. Ethanol
9. Qubit HS solution (Thermo Fisher, Q32851)

Restriction digestions
1. AluI (NEB, R0137L)
2. MboI (NEB, R0147L)
3. HphI (NEB, R0137L)
4. MnlI (NEB, R0158L)
5. MspI (NEB, R0106L)
6. RsaI (NEB, R0167L)
7. Cutsmart buffer (NEB, B7204S)

Sucrose Gradient
8. Beckman ultracentrifuge
9. SW32-Ti rotor
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10. SW41-Ti rotor
11. Thickwall polycarbonate tube, 30 ml, 25x 89 mm (Beckman Coulter
No.355631)
12. Thickwall Ultra-Clear tube, 13.2 ml, 14x89 mm (Beckman Coulter
No.344059)
13. Amicon Ultra-15 Ultracel-PL PLTK, 30 kDA MWCO (Millipore,
UFC903024)
14. Amicon Ultra-0.5 mL 30 kDA MWCO (Millipore, UFC5030BK)
15. Sucrose

Separation in preparative gel and recovery
1. SeaPlaque low melting agarose (Lonza, 50100)
2. Silica Bead DNA gel extraction kit (Termo Fisher Scientific, K0513)

Verification of enrichment in dot blot
1. Dot blot apparatus
2. Amersham Hybond-X membrane (GE healthcare, RPN203)
3. Denaturing solution (NaOH 0.5M, NaCl 1.5 M)
4. Neutralizing solution (Tris 0.5M pH 7.5, NaCl 3M)
5. SSC
6. Crosslinking in UVP CL1000 Ultraviolet crosslinker
7. Church mix (0.5 M NaPi pH 7.2, 1 mM EDTA pH 8.0, 70 g SDS, 10 g
BSA)
8. TTAGGG repeats probe, obtained from the 800 bp EcoRI fragment of
Sty11 plasmid (de Lange, 1992)
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9. Olb buffer 10X (0.5 M Tris HCl pH 6.8, 0.1 M MgOAc, 1 mM DTT, 0.5
mg/ml BSA)
10. DNA PolI Klenow (Promega, M2201)
11. dNTPs (Termo Fisher, 10297018)
12. (alpha-32P) dCTP 3000 Ci/mmol (Perkin Elmer, NEG513H250UC)
13. UVP hybridization oven bottles (Termo Fisher, UVP07019402)
14. Labnet Maxi 14 Hybridization incubator
15. Phosphor screen (FUJIFILM Storae Phosphor screen, MS3543 E)
16. Phosphorimager Typhon Trio (GE)

Verification of enrichment in single molecule analysis
1. Silanized coverslips (Genomic Vision, COV-002)
2. Fiber Comb apparatus (Genomic Vision, version 3 REF: MSC-001)
3. Denaturing solution (NaOH 0.5M, NaCl 1M)
4. Ethanol
5. Blocking solution (5% BSA in PBS 1X)
6. Anti single-stranded DNA antibody (Sigma, MAB3034)
7. Washing solution (PBS-0.05%, Tween 20)
8. Alexa488 anti-mouse secondary antibody (Invitrogen, A1101)
9. Cy3-labeled TTAGGG3 PNA probe (PNA Bio, F1006)
10. Formamide (Thermo Scientific, 17899)
11. Blocking reagent (Roche 11096176001)
12. ProLong Gold (Invitrogen, P36930)
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6. Telomeres enrichment method
1. Harvest 500x10^6 cells using trypsin-EDTA and ice-cold PBS and keep on ice.
We have successfully applied this procedure to mouse cells as well as human
cell lines Hela 1.3, U2OS and Saos2, that are known to have long telomeres.
Because telomere enrichment is based on size exclusion after restriction
digestion, the use of cell lines with short telomeres should be avoided when
possible.
2. Psoralen-crosslinking: Keep cells ice-cold, throughout the procedure. Insert a 10
cm dish inside a 15 cm dish and fill the space around the 10 cm dish with ice.
Place the 15 cm dish on top of a mini magnetic stirrer that runs on battery.
Resuspend the cell pellet in 10 ml of ice-cold PBS with Ca++ and Mg++ and
transfer in the 10 cm dish. Add 150 µl of Psoralen from the 2 mg/ml stock, mix
well, cover with aluminum foil and stir for 5 min. If clumps are formed, resuspend
them by pipetting gently. Pre-warm the UV bulbs of the Stratalinker by running
them for 1-2 minutes before irradiating the cells. Insert in the Stratalinker at a
distance of 2-3 cm from the bulbs and irradiate for 5 minutes while stirring, on
ice. In the absence of small, battery-powered magnetic stirrers, one should
irradiate 5 x 1 min and resuspend the cells by pipetting every minute. The
irradiation time is dependent on the instrument you use. If you have a different
Stratalinker you might need to adjust the time.
3. Repeat the crosslinking procedure 3 more times (i.e. add psoralen, incubate in
the dark and then irradiate).
4. At the end of the crosslinking, collect the cells and wash a couple of times the
10 cm plate with ice-cold PBS to minimize cell loss.
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5. Centrifuge the cell suspension, and resuspend in 40 ml of TNE.
6. Split each tube in two and add to each 1 volume of TNES supplemented with 50
µg/ml RNAseA. This step lyses the cells and results in the release of the DNA in
solution which turns very viscous. At this step is important to mix well for an
homogenous lysis. Furthermore, we soften the genomic DNA by passing the
entire solution 4 times (slowly) on a blue tip attached at the end of a pipette. This
help with homogeneous lysis, also with the subsequent enzymatic digestions
and organic extraction. Incubate with RNaseA for 60 minutes at 37ºC.
7. Add 100 µg/ml of Proteinase K, mix again and incubate overnight at 37ºC.
8. Extract DNA using one volume of Phenol Chloroform Isoamyl alcohol 25:24:1 at
RT.
9. Extract again the aqueous phase with 1 volume of Chloroform, followed by
precipitation with isopropanol and resuspension in 5 ml of Tris-HCl 10 mM pH
8.0. Leave the DNA for at least 1 hour at RT to resuspend well, before
quantifying.
10. Quantify the DNA using a Fluorimetry-based assay. We use the Qubit system
(Termo Fisher) following manufacturer's instruction.
11. Digest overnight 2,5 mg of extracted DNA using HinfI and MspI restriction
enzymes. Prepare the digestion mix with H2O, cutsmart buffer (NEB) and the
DNA in a 15 ml conical tube. Given the amount of DNA, the final volume of the
digestion should be 35 ml. Before adding the enzymes, the DNA should be left
in equilibration in the buffer for 1 hour at RT, in wheel with gentle rotation. Add
500 units of HinfI and MspI (NEB) and incubate overnight at 37˚C. The next day
add another 250 units of HinfI and MspI and incubate 2 hours more.
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12. Precipitate the digestion with isopropanol and then resuspend in 9 ml of TE 1X.
Save an aliquot from this DNA to be used for the representation of the notenriched DNA in dot blot analysis.
13. Prepare the sucrose fractions by dissolving the sucrose (10%, 20% 30%
respectively) in TNE 1X buffer and filter through a 0.2 µm membrane.
14. Prepare the gradient in thick wall polycarbonate ultracentrifugation tubes of
30ml, by gently depositing 8 ml of each fraction starting from the heaviest. Note
that pipetting should be extremely slow in order to prevent mixing of the solutions
with different density. In alternative one can use the freezing method, by pouring
each fraction and then incubating for 1 hour at -80˚C before pouring the next
one. The sucrose gradients can be stored in -20 and thawed 1 hour before use.
15. Incubate the DNA for 5 min at 50˚C before loading on the sucrose gradient, in
order to remove any aggregates. Adding a small amount of Bromophenol Blue
to the DNA before loading on the sucrose gradient can help with visually tracking
the DNA at loading.
16. Gently load the digested DNA on top of the sucrose gradient.
17. Centrifuge in a SW32-Ti rotor at 111265 x g for 16 hours at 4˚C, with breaks off
during deceleration.
18. Collect the sucrose gradient fractions starting from the top. While setting up the
procedure, we recommend that 7-8 fractions be collected and verified on an
agarose gel. However, we have found that separation in the sucrose gradients
is highly reproducible, with the HMW, telomere-rich DNA being found always in
the last 10.5 ml. An example of a sucrose gradient separation with the
distribution of the bulk DNA and the telomeric signal is provided in Figure 25.
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Figure 25. Example of genomic DNA separation in the sucrose gradient.
2 mg of genomic DNA from U2OS cells was digested and run on a sucrose gradient, as described
above. 7 fractions were collected and a small aliquot (1/500th) of each fraction was loaded on
an agarose gel. Most of the bulk DNA, fragmented to less then 500 bp remains in the top fraction.
On the bottom, the same gel was blotted onto a membrane and hybridized with a telomeric
probe. Almost all of the telomeric signal is distributed in the last 4 fractions containing HMW
DNA. In the first lane of the right of the marker, are loaded 5 µg of the digested genomic DNA,
before separation in the sucrose gradient.

19. Recover the material from the last fractions, containing all the telomeric DNA
using Amicon columns (30 KDa MWCO) Save an aliquot from this DNA to be
used for the verification of the first round of enrichment step in dot blot.
20. Digest overnight the DNA using 50 Units of RsaI, AluI, MboI, HinfI, MspI and
MnlI restriction enzymes in 3 ml.
21. Extract DNA using Phenol Chloroform Isoamyl alcohol 25:24:1 and Chloroform
as in point 8 and 9.
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22. Precipitate and separate the DNA in electrophoresis preparative agarose gel.
Prepare a 0.4% agarose gel in TBE 0.5X without ethidium bromide and run the
gel at 2V/cm for ~2 hours. Stain the gel with ethidium Bromide at the end of the
run, and cut slice of ~2cm from the well (corresponding to the DNA bigger than
5 kb).
23. Recovery of high molecular weight DNA, moving above the 5 kb, using Silica
Bead extraction. Follow the manufacturer's instruction for DNA extraction
avoiding resuspending of DNA during the washes.
24. Elute the DNA twice, adding 25µl of TE 1X and flicking the tube and incubating
at 50ºC for 5 minutes. Quantify the elution with Qubit HS kit. The expected
concentration goes from 1 to 10 ng/µl. Save an aliquot from this DNA to be used
for the verification of the second enrichment step in dot blot.
25. Control of the enrichment in dot blot analysis. A defined amount of DNA from
different steps of the protocol was loaded on a nitrocellulose membrane, using
the dot blot: 500 ng of not-enriched DNA (see point 12), 50 ng of DNA from the
first round of enrichment (see point 19) and 1 ng of DNA from the second round
of enrichment (see point 24). Blot the samples in double, after denaturing the
DNA for 5 minutes at 95ºC. The DNA was transferred on the membrane using a
vacuum aspiration. Let the membrane on denaturing solution for 10 minutes and
subsequently on neutralizing solution for 10 minutes. Crosslink the DNA to the
membrane, cut it in two parts and hybridize them in parallel, using a BamHI or a
telomeric probe (Figure 26).
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Figure 26. Verifying telomere enrichment after each step in dot blot.
DNA obtained from each round of enrichment step were loaded on a dot blot, at the indicated
amount on the left. The membrane was hybridized either with a probe recognizing the BamHI
repeats or TTAGGG repeats. The amount of TTAGGG repeat signal/ng was quantified and
reported relative to the not-enriched.

26. Verify telomere enrichment using Single molecule analysis. Comb 10 ng of bulk
genomic DNA or telomere-enriched DNA on silanized coverslips using the DNA
Fiber Comb apparatus. Bake the coverslips for 2-3 hours at 60˚C, then
denaturate for 8 min and wash twice in PBS. Dehydrate in ethanol series (70%;
90%; 100%), 1 minute each. Incubate with the blocking solution for 1 hour at
37˚C and then with an anti single-stranded DNA antibody in blocking solution,
for 2 hours at RT. Make 3 washes with washing solution and incubate with
Alexa488-labeled anti-mouse secondary antibody, diluted 1:400 in blocking
solution. Make 3 washes with washing solution and 1 rinse in PBS and
dehydrate in ethanol series (70%; 90%; 100%), 1 minute each. Incubate with a
Cy3-labeled TTAGGG3 PNA probe, 50 nM in 70% formamide, 0.5% Blocking
reagent and 10 mM Tris, pH 7.4, for 3 min at 80˚C and then 2 hours at RT.
Perform 2 washes of 15 minutes in formamide 70% and 10 mM Tris, pH 7.4,
then other three washes with washing solution. Mount the coverslips with
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ProLong Gold and acquire large overlapping areas using a DeltaVision
microscope (Figure 27).

Figure 27. Verification of telomere enrichment in single molecule analysis.
Bulk DNA and telomere-enrichment DNA were combed onto silanized coverslips, denatured
in situ and labeled sequentially with an antibody against single-stranded DNA (green) and a
Cy3-labeled (TTAGGG)3 PNA probe (magenta).
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