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GLOSSARY

3’-overhang: single-stranded protruding of the telomeric G-rich
strand at the 3’-end of the chromosome.

ALT: Alternative Lengthening of Telomeres, a telomerase
independent  telomere  maintenance mechanism based  on
Homologous Recombination.

ATM (Ataxia Telangiectasia Mutated): kinase involved in DNA
damage signaling at DNA double-strand breaks.

ATR (Ataxia Telangiectasia and Rad3-related): kinase involved
in DNA damage signaling at DNA single-strand breaks. It is
activated after RPA recognition of unprotected ssSDNA.

ATRX/DAXX: Alpha thalassemia/mental retardation syndrome X-
linked chromatin remodeler (ATRX), DAXX (death domain-
associated protein), are histone chaperone involved in H3.3
deposition.

CRC: colon-rectal cancer.

DDR (DNA Damage Response): a series of pathways activated by
the presence of DNA damage.

DNMT3A/B: DNA (cytosine-5-)-methyltransferase 3, are members
of the family of DNMTs, which catalyze the addition of methyl
groups to cytosine residues of CpG dinucleotides.

EMSA: electrophoretic mobility shift assay.

G-quadruplex: a four-stranded DNA structure derived by the
establishment of four planar Hoogsteen bonds between four
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guanines (G-quartet) followed by the stacking of three or four G-
quartets.

H3.3: Variant of the Histone H3, deposed in a cell-cycle
independent manner, at highly transcribed genes and at
heterochromatic regions.

ITS: Interspersed Telomeric Sequences.

MNase: Micrococcal endo-exo nuclease derived from
Staphylococcus aureus. This enzyme is able to produce double-
strand breaks within nucleosome linker regions. The efficiency
depends on the degree of chromatin compaction.

NCP: Nucleosome Core Particle

R-loops: three-stranded nucleic acid structure, composed of a
DNA:RNA hybrid and the associated non-template single-stranded
DNA

Shelterin: protein complex involved in maintenance and protection
of mammalian telomeres.

t-loop (telomere loop): lariat-like structure derived from the 3’-
overhang invasion of an upstream double-stranded region at
telomeres

SIRT6: nicotinamide adenine dinucleotide™ (NAD") dependent
sirtuin, is involved in stress response and in telomeres homeostasis
maintenance.

SUV39H1/2: Suppressor of Variegation 3-9 Homolog (1-2), are
Histone-lysine N-methyltransferases.
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Telomerase: ribonucleoprotein complex that synthesizes new
telomeric repeats at the chromosome ends. Its RNA component
(TERC) has a sequence that shows complementarity with the G-rich
telomeric sequence and can pair with the 3’-overhang, while its
protein component (TERT) has reverse transcription activity.

Telomeres: nucleoprotein complexes localized at the end of
eukaryotic linear chromosome. They allow the cell to distinguish
chromosome ends from DNA double strand breaks.

TERRA: Long noncoding RNA transcribed from telomeres, which
associates with several telomeric components, such as TRF2 and
telomerase.

TMMs: Telomere Maintenance Mechanisms.

TIN2 (TRF2- and TRF1-Interacting Nuclear protein 2):
mammalian telomeric protein that bridges TRF1 and TRF2 to the
heterodimer TPP1/POT1.

TPE: telomere position effect.
TPE OLD: telomere position effect over long distance.

TPP1 (TINT1, PTOP and PIP1): mammalian telomeric protein
that form a subcomplex with POTL1, recruiting it to telomeres and
increasing its SSDNA binding affinity.

TRF1 and TRF2 (Telomeric Repeat binding factor 1 and 2):
mammalian telomeric proteins that bind dsDNA and allow assembly
of the Shelterin complex. TRF2 is involved in repression of ATM-
mediated DDR.

Pag 8



Dottorato di ricerca in Genetica e Biologia Molecolare

SUMMARY

Telomeres are the nucleoprotein structures that protect chromosome
termini in eukaryotes. Functional telomeres need the establishment
of a protective chromatin structure based on the interplay between
the specific complex named shelterin and a tight nucleosomal
organization. In somatic cells, progressive telomere reduction brings
to the destabilization of the telomere capping structure and to the
activation of a DNA damage response (DDR) signaling. Then, cells
enter into replicative senescence, which constitute a protective
barrier against unlimited proliferation. A crucial step in cancer
development is the acquirement of a telomere maintenance
mechanism that gives the neoplastic cell unlimited replicative
potential, one of the main hallmarks of cancer. Despite the crucial
role that telomeres play in cancer development, little is known about
the epigenetic alterations of telomeric chromatin that affect telomere
protection and are associated with tumorigenesis.

Here, we explore two different aspects of the role of telomeric
chromatin and its dysfunctions in cancer development. The first
aspect concerns the interaction between SIRT6 deacetylase and the
telomeric protein TRF2 in heterochromatin stability and cancer. It
has been previously reported that TRF2 is a substrate of SIRT6, and
that an inverse correlation between SIRT6 and TRF2 protein
expression levels was present in a cohort of CRC patients (Rizzo et
al.,, 2017). To investigate the dynamic and the effects of this
interaction we performed several in vitro binding assays that showed
that SIRT6 has the capability of stabilize the interaction of TRF2
with the telomeric nucleosome in vitro. Additionally, chromatin
extractions after silencing SIRT6 in HCT cancer cell indicate that
SIRT® stabilizes TRF2 binding to chromatin also in vivo. Then, we
performed chromatin immunoprecipitation of TRF2 coupled with
sequencing (ChlIP-seq) in HCT-116 cells upon SIRT6 silencing. We
found that TRF2 delocalize both from telomeres and from
pericentromeres. Furthermore, we also found an increased TRF2
binding on several gene promoters involved in cancer development
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upon SIRT6 depletion. Collectively these data unveil new
interesting elements about the interplay of SIRT6 and TRF2 with
heterochromatin in colon cancer cells, which could be relevant for a
deeper understanding of the mechanisms of tumor onset and
potentially brings to the development of new anti-cancer therapies.
The second aspect regards the role played by the histone variant
H3.3 at telomeres. Among the histone variants, H3.3 is the most
common non-centromeric variant of histone H3. Besides being a
mark of transcriptionally active regions, it is also enriched at
pericentromeres and telomeres.

Some dominant mutations in the H3F3A/B genes have been
described in several paediatric cancers. Interestingly, a positive
correlation with mutations in chaperones responsible for H3.3
deposition at telomeres and pericentromeres, and an association with
ALT phenotype was also reported. Thus, unravelling H3.3
function(s) at telomeres could be pivotal for both basic and applied
research.

A detailed analysis of telomeric chromatin organization is still
lacking, mainly because of the complex nature of human telomeres,
characterized by high length heterogeneity and low sequence
complexity. To overcome the difficulties generated by the uniformly
repeated telomeric sequence, we developed a strategy to map
nucleosome positions using subtelomeric sequences as starting
point. We generated transgenic cell lines expressing a H3.3Q85C
mutated gene. This particular mutation makes chromatin sensitive
to treatment with phenantroline/copper/H.O2, which cuts
nucleosomal DNA twenty-five base pairs from the dyad axis. To
characterize the fragments of different length emerging from MNase
or chemical cleavage, we took advantage of Oxford Nanopores, a
sequencing technique that can handle very long fragments and does
not require any amplification step. We performed pilot sequencing
runs of MNase digested DNA to test the feasibility of nanopores to
map telomeric nucleosome positions and spacing. The analysis of
the read lengths showed clearly that nucleosome spacing at
telomeres is shorter than in the rest of chromatin, but the number of
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reads obtained is too small to allow nucleosome mapping of single
telomeres. For this reason, we developed a protocol to enrich
telomeric DNA, by using biotinylated telomeric probes and
streptavidin magnetic beads to capture telomeric sequences. With
the application of these tools, we aim — in the near future - to obtain
a detailed map of telomeric (and genome wide) H3.3 containing
nucleosomes and to develop a reliable method to study the H3.3
mutations found in ALT and paediatric cancers.
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INTRODUCTION

Switching from circular to linear chromosome, eukaryotes had to
solve two main problems. First, the new chromosome termini had to
prevent processing from the DNA repair system as broken DNA
ends. Second, avoiding the loss of genetic material consequent to
the incomplete replication of the very ends of chromosomes. To
overcome these obstacles, cells evolved the nucleoprotein structures
called telomeres.

TELOMERES

In most eukaryotes telomeric DNA consists of arrays of short
tandem repeats enriched in guanine (Blackburn, 1991). Mammalian
telomeres comprise several kilobase pairs (kb) of TTAGGG
repeats, ending in a single-stranded G-rich 3’-overhang up to 500
nt long (Makarov et al., 1997). This peculiar DNA sequence
structure co-evolved with specific protein and nucleoprotein
complexes to ensure both protection from DNA damage signaling
and the complete replication of chromosomal DNA.

Protection is assured by the Shelterin complex, that in humans
consists of six proteins: TRF1, TRF2, Rapl, TIN2, POT1, TPP1 (de
Lange, 2005; Liu et al., 2004). DNA damage response (DDR) is
inhibited by Shelterin and by the formation of t-loops, a
configuration of telomeric DNA in which the G-rich overhang folds
back and invades the double-stranded upstream telomeric DNA,
forming a lariat structure (Palm and de Lange, 2008).

e The Shelterin complex

In details, TRF1 and TRF2 tie up to double-stranded telomeric DNA
(Liu et al., 2004), POT1 anchors to the single-stranded protrusion
(Baumann and Cech, 2001; Lei et al., 2004), TIN2 connects TRF1,
TRF2 and TPP1, which in turn binds POT1. Lastly, Rapl interacts
only with TRF2 (Xin et al., 2008).
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In human and mouse cells, TRF1, TRF2, TIN2, and Rap1 are about
10 times richer than TPP1 and POT1. The abundance of the core of
Shelterin is sufficient to bind all double stranded telomeric repeats,
and there is a tenfold excess of TPP1/POT1 over its binding sites,
suggesting that most of the telomeric DNA is associated with
Shelterin proteins (Takai et al., 2010).

; 3
TAGGGTTAGGGTT GTTAGGGTTAGGGT, /AGGGTTAG
ATCCCAATCCCAA CAATC =

2-15 kb 50-500 nt

->
o0

Fig. 1. Schematic representation of telomeres. In vertebrates, telomeric DNA is constituted
by several kilobase pairs of TTAGGG repeats, and a 3’ -single stranded overhang of 50-
500 bp long overhang (Micheli, E. et al., 2016).

Even though these protein components are considered as subunits of
a greater complex, they exert their functions pretty autonomously
from each other in maintaining telomeric homeostasis. The TRF2
subunit is involved in inhibition of the ATM-dependent damage
signaling pathway and of the c-NHEJ (Bae and Baumann, 2007,
Celli and de Lange, 2005; Karlseder et al., 1999). POT1 acts as a
repressor of the ATR kinase signaling pathway and of the HR in a
concerted action with Rapl (Gong and de Lange, 2010). POT1 and
TRF2 act independently to restrain two different 5’ resection
pathways at telomere termini. (Denchi and de Lange, 2007).

TRF1 is involved in promoting the semi-conservative replication of
telomeres (Sfeir et al., 2009). TPP1 is instead a positive regulator of
telomere maintenance and has a role in recruiting telomerase (Abreu
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et al., 2010), which is, at the same time, negatively regulated by
Shelterin complex for the maintenance of proper telomere length
(van Steensel and de Lange, 1997).

Fig. 2. Structure of the Shelterin complex. TRF1 and TRF2 are directly associated with the
dsTTAGGG, POTI is bounded to the 3’overhang. TPP1 and TIN2 mediate the alliance
between POT1 and TRF1/TRF2 dimers. Lastly, Rapl interacts only with TRF2 (de Lange,
2018).

Shelterin regulates these and other processes by employing several
co-factors that are transiently recruited at telomeres.

For the G-overhang processing, it is required the concerted action of
the Shelterin complex, Apollo, Exol (both nucleases) and of the
CTC1-STN1-TEN1 (CST) complex (Wu et al., 2012).

To ensure the proper replication of telomeres, that are hard-to-
replicate regions of chromosomes, Shelterin interacts with distinct
helicases, such as BLM, that can resolve G-quadruplex DNA
structure (Liu et al., 2010) or RTEL1, which assists the replication
of the leading strand (Uringa et al., 2012; Vannier et al., 2012). All
of these DNA processing activities must be limited and tightly
controlled by Shelterin.
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WRN

WRIN/BLM

Strand invasion Parallel pairing
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Fig. 3. The Shelterin subunits exert several enzymatic activities and regulate many facets
of telomeric homeostasis, by acting as activators of the processes (black arrow), or as
repressors (red line) (Gilson and Geli, 2007).
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TELOMERIC DNA FEATURES: TRANSCRIPTION
AND SECONDARY STRUCTURES

e Transcription of telomeric DNA: TERRA

Although telomeres have been for long time considered
heterochromatic, they are transcribed and produce long non-coding
RNAs called TERRA (telomeric repeat containing RNA).

TERRA is a IncRNA composed by 5’-UUAGGG-3’ repeats
(Azzalin et al., 2007; Schoeftner and Blasco, 2008), ranging in
length between 100 bp and 9 kb in mammals (Azzalin et al., 2007;
Porro et al., 2010). Its transcriptional rate is cell-cycle dependent,
with the higher peak during the early G1 and the lower peak during
the late S phase, concurrently with telomeres replication. Biogenesis
and functions of TERRA are subject of heated debate in scientific
community. It is known that TERRA depletion trough antisense
oligonucleotides (ASO) leading to increased DNA damage at
telomeres, suggesting an involvement in genomic structural
integrity. Moreover, live-cell imaging in a human cancer cell line
showed TERRA molecules diffuse in the nucleus. These evidences
suggest an action “in trans” of this long non coding RNA, supported
also by the presence of DNA damage not only limited at telomeres,
but extended to the genome upon its depletion (Avogaro et al.,
2018).

However, even if some RNA FISH show the association of the
IncRNA at all telomeres, is still unclear if TERRA is actually
transcribed from all subtelomeres (Azzalin et al., 2007; Feretzaki et
al., 2019; Porro etal., 2014) or from only few ones (Lopez de Silanes
et al., 2014; Montero et al., 2016), even though TERRA promoter
sequences have been described (Nergadze et al., 2009). Notably, as
other long non coding RNAs, it has been demonstrated the co-
existence of polyA- and polyA+ versions of it, with a different sub-
nuclear localization, suggesting that TERRA-poly-A(+) and poly-
A(-) might exert distinct functions (Porro et al., 2010).
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In addition, TERRA can associate with telomerase RNA, followed
by an event of nucleation during the early S-phase. Then, this
TERRA-telomerase complex is tethered on the shortened telomere
from which TERRA molecules were transcribed (Cusanelli et al.,
2013).

The well documented presence of TERRA at telomeres, and also its
upregulation in ALT cancer cells, suggests its involvement in
telomeres homeostasis, although the role of TERRA in the
establishment of telomeric heterochromatin is still controversial
(Barral and Dejardin, 2020). It has been shown that TERRA
interacts with HP1a, TRF1, TRF2 and with the origin recognition
complex (ORC) (Deng et al., 2009), recruits the Polycomb
repressive complex 2 (PRC2) to telomeres in order to methylate
H3K27 and SUV39H1 which are in turn necessary for telomeric
heterochromatin formation (Porro et al., 2014). It is known that
telomeric transcriptional activity can bring to the formation of local
TERRA-telomeres DNA hybrids, which are fated to provoke
replication stress through the formation of R-loops. Moreover,
TERRA can form G-quadruplex structures, similarly to telomeric
G-rich DNA (Martadinata et al., 2011; Xu et al., 2008). At first
glance these structures could be defined as merely harmful, actually
have very important functions for the proper execution of several
biological processes.

e G-Quadruplex

Due to its G composition, the 3’-overhang of telomeres can fold in
non-canonical secondary structures named G-quadruplex (G4),
formed by assembling the G-tracts into three stacked G-tetrads,
planar arrangements of Gs in Hoogsteen hydrogen bonding
interactions. The G4 is a helical structure with a right-handed
orientation, where every G in the tetrad, for what regards the
canonical structure, is rotated 90° with respect to the near ones. G4s
are often composed by four tracts of three Gs (G3), but sequences
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with longer (G4-7), shorter (G2) G-tracts are also permissive for
structure formation (Burge et al., 2006).

G quadruplexes are found throughout the genome and in mRNA, at
gene promoters, telomeres, and telomeric or virus RNA (Harkness
and Mittermaier, 2017). Over 375,000 sequences have been
identified within the human genome that have the potential to form
G-quadruplexes (Huppert and Balasubramanian, 2005).

In humans, G4s are involved in regulation of several processes, such
as replication, gene expression, inhibition of recombination,
splicing, telomere protection and extension (Rhodes and Lipps,
2015). The presence of G-quadruplexes along the DNA can stall
replication forks, causing replication stress and eventually DNA
damage in absence of dedicated helicases, as well as FANCJ, BLM
and WRN, which are necessary for G4 resolving (Rhodes and Lipps,
2015; Zhang et al., 2019) . Beyond recruitment of helicases, G4s can
call up also heterogenous ribonucleoprotein U (hnRNP U), which
has been proven to be a G4 binding protein. hnRNP U prevents
replication protein A (RPA) accumulation at telomeres, and the
recognition of telomeric ends by hnRNP suggests that a G-
quadruplex promoting protein regulates its accessibility (Izumi and
Funa, 2019).

For a long time it was thought that at telomeres the intramolecular
folded G4s may offer end protection against nucleases or regulate
telomerase activity (Zahler et al., 1991), raising great interest in G4
stabilizers and in their inhibitory action towards telomerase.
However, G4 ligands, still remains an effective potential anticancer
therapy. Stabilization of G4 leads to telomere dysfunctions and
deleterious effect on cellular growth, which render G4 ligands, such
RHPS4 (Berardinelli et al., 2018; Berardinelli et al., 2015; Salvati et
al., 2007) and Pyridostatin (Zimmer et al., 2016), good candidates
for chemotherapeutic purposes.
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e R-Loops

R-loops are three-stranded structures formed by a DNA:RNA hybrid
and a displaced DNA strand (Tan and Lan, 2020). This type of
structures arises during the transcriptional process, when the 5” end
of the RNA being transcribed reinvades the double helix temporarily
opened due to the passage of the RNA polymerase. R-loops are very
strong structures and, once formed, it is necessary the intervention
of helicases for their resolution (Niehrs and Luke, 2020).

R-loops formation is favored by the presence of CG-skew
sequences, so they can be found enriched at telomeres (Moyzis et
al., 1988; Tan et al., 2020), where the TTAGGG double strand
undergoes to invasion from long noncoding TERRA, which
hybridizes with the C-rich strand (Rippe and Luke, 2015). In yeast,
R-loops are stabilized by critical telomere shortening, which drives
recombination by promoting recruitment of RAD51 (Graf et al.,
2017). Moreover, it has been shown that the presence of ATRX at
telomeres is crucial for R-loops resolution (Nguyen et al., 2017) as
well as NONO and SFPQ, two TERRA binding proteins which have
a role in suppressing RNA:DNA hybrids at telomeres (Petti et al.,
2019).

As G-quadruplexes, these secondary structures seem detrimental for
cell physiology. The current view is that R-loops could threaten
genome integrity if present at abnormally high levels, while they are
likely to play regulative roles when tightly regulated (Niehrs and
Luke, 2020).

MECHANISMS OF MAINTENANCE OF
TELOMERE LENGTH

Protection of chromosome ends includes preventing the loss of
genomic material during the replication process, caused by the
inability of DNA polymerases to fully replicate the ends of the linear
chromosomes (Olovnikov, 1973). Indeed, telomeres shorten by ~50
bps with each cell division because of the “end replication problem”.
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In absence of a mechanism of compensation and re-elongation of
TTAGGG repeats, cells go towards a senescence-phase (Herbig et
al., 2004; von Zglinicki et al., 2005).

In the vast majority of eukaryotes, the process of end-erosion is
thwarted by the telomerase, which adds short repeats to the 3’
extremities of telomeres (Blackburn, 1992). In humans, telomerase
is active only in stem and germinal cells. In somatic cells, telomerase
activity is downregulated through the silencing of TERT (the reverse
transcriptase subunit of the telomerase) (Maciejowski and de Lange,
2017). Consequently, somatic cells go towards a programmed
telomere shortening with each cell cycle (Cristofari and Lingner,
2006). When the chromosome ends reach a critical length, the
loading of the Shelterin become insufficient to maintain of the
closed conformation. Unprotected telomeres trigger DDR and the
blockage of cell replication; cell fate is replicative senescence or
apoptosis (Mortality stage 1, M1) (Maciejowski and de Lange, 2017,
Shay, 2016). Due to the heterogeneity in telomere length, few
telomeres critically short are sufficient to cause replicative arrest
(Gilson and Londono-Vallejo, 2007).

If the checkpoints necessary for cell cycle arrest, such as p53 and
RB pathways are inactivated, cells overcome the proliferative block
and continue to divide, bringing telomeres to be completely
deprotected. This condition, called Telomere crisis or Mortality
stage M2, is characterized by the total absence of the Shelterin,
which causes the activation of the DNA repair mechanisms and
generates end-to end fusions, dicentric chromosomes and other
forms of genomic instability (Maciejowski and de Lange, 2017,
Shay, 2016). These major chromosomal rearrangements generally
lead to massive cell death.

Rarely, mutations might lead to the activation of a telomere-
maintenance mechanism, which gives to cells the capability to
circumvent the crisis with re-stretched telomeres, re-establishing
stability on a rearranged genome, and an unlimited proliferative
potential, all typical features of cancer cells.
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In the vast majority of human tumors, immortalization of cancer
cells arises by the reactivation or upregulation of telomerase; indeed,
telomerase activity is detected in 85-90% of all malignant tumors
(Kim et al., 1994). In the remaining 10-15%, telomere attrition is
reversed by a different mechanism based on recombination named
Alternative Lengthening of Telomeres (ALT) (Pickett and Reddel,

2015).
Self-renewal @6

Telomeres
shorten with
every cell
division in all
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Fig. 4. Telomere erosion occurs with each cell cycle, until they reach a critical length which
triggers senescence process, or mortality stage (M1). Some premalignant cells may
overcome this step by obtaining enough oncogenic mutations, entering in an extended
lifespan period and then in M2 crisis, where the most of cells die. Rare cells acquire a
mechanism to maintain telomere length by telomerase reactivation or though activation of
the ALT pathway, a necessary step toward neoplastic onset (Shay, 2016).

e Telomerase

Telomerase is a ribonucleoprotein (RNP) complex composed by two
main different subunits: a specialized telomerase reverse
transcriptase (TERT) and an RNA template known as telomerase
RNA component (TERC) containing the template for telomere
elongation (Blackburn, 1992; Feng et al., 1995; Wu et al., 2015). In
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humans, telomerase is recruited by the Shelterin complex. Through
an interaction with TPP1, telomerase makes both transient and
stable association with each telomere several times during S-phase,
but only few times forms strong association (Schmidt et al., 2016).
Some studies of single molecule tracking showed that the RNA
component of telomerase (hTR) is restrained in Cajal bodies, which
are involved in telomerase biogenesis and recruitment to
chromosome ends (Chartrand and Sfeir, 2020).

The association between the telomeric G-overhang and hTR favors the
stable interaction necessary for the proper telomerase association at
chromosome ends. This recruitment is mediated by TPP1.

telomerase loading to telomeres then yields the partial pairing of the
RNA template with the DNA overhang, and the positioning of the
telomeric DNA 3’-end at the active site of TERT. When the
replication of one repeat is complete, the RNA-DNA hybrid briefly
disconnect to permit the pairing of the DNA overhang with the distal
region of the RNA-templating region, so that the replication of
another telomeric repeat can be initiated (Mason et al., 2011)
Recently, it has been shown that telomerase has also noncanonical
function, namely promoting cancer cells proliferation, and
assembling a telomere protective complex comprising Hsp70-1 and
Apollo (Perera et al., 2019). Telomerase activity is detected in 85-
90% of all malignant tumors: somatic mutations in the proximal
promoter of hTERT are now considered the most common (31%)
non-coding mutation in cancer. However, hTERT amplifications
(3%), hTERT structural variants (3%) and hTERT promoter
methylation (53%) have been identified as well. (Kim et al., 1994;
Shay and Bacchetti, 1997).

e ALT mechanism

Homologous Recombination is involved in the ALT mechanism,
which provides a way to maintain telomeres in the absence of
telomerase (Bryan et al., 1995).

Even if the ALT mechanism has not been completely described, it
is thought that the chromosome 3’-end invades the homologous
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chromosomal telomere, miming a primer and allowing the
replication of the donor DNA and re-elongation of the telomeric
repeats. HR-related proteins, as well as MRN complex, Rad51,
Rad52, FANC are thus necessary for telomere conservative
replication (Cesare and Reddel, 2010). A consistent number of 3’
telomeric ends likely derives by an increased proneness of ALT
telomeres to replication stress, leading to DSB and break-induced
telomere synthesis (Cesare and Reddel, 2010; Doksani and de
Lange, 2016).

The establishment of ALT is probably triggered by increased
replication stress and DSBs but needs a favorable genetic
background. The most frequent mutations associated with ALT are
in the genes ATRX and DAXX (Heaphy et al., 2011; Lovejoy et al.,
2012). The complex ATRX/DAXX mediates the incorporation at
telomeres and at other repeated regions of the histone variant H3.3
(see section: Histone variant H3.3, page 28). However, mutations in
ATRX are not sufficient to induce ALT. The epigenetic status of
ALT telomeres is still matter of discussion (De Vitis et al., 2018).
Previous reports showed decondensed chromatin and a decrease of
the heterochromatic mark H3K9me3 in ALT telomeres (Episkopou
et al., 2014). Conversely, other reports showed an enrichment in
heterochromatic marks at telomeres in ALT cell lines (Cubiles et al.,
2018)(Gauchier et al., 2019).

ALT positive cells show a phenotype with a certain degree of
heterogeneity, but with some particular features encountered very
frequently, such as the loss of ATRX/DAXX functions (Clynes et
al., 2015), high number of ALT-associated PML bodies (APBs)
(Yeager et al., 1999), high number of extra-chromosomal telomeric
repeat DNA (ECTR) (Cesare and Griffith, 2004), T-circles and C-
circles (Oganesian and Karlseder, 2013), unpaired telomeric sister
chromatid exchange (T-SCE) (Londono-Vallejo et al., 2004) and the
increasing level of TERRA transcription (Episkopou et al., 2014).
ALT is spread principally in tumors of the nervous system and in
sarcomas (Dilley and Greenberg, 2015), and between cancers that
derive from mesenchymal tissues; 47% of osteosarcomas, 35% of
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soft-tissue sarcomas (STS) and 80% of pleomorphic liposarcoma
have been shown to utilize the ALT mechanism (Henson et al.,
2005).

TELOMERIC CHROMATIN

Mammalian telomeres have a peculiar chromatin structure, which is
characterized by tightly packed nucleosomes (Makarov et al., 1993,
Tommerup etal., 1994) , by the presence of heterochromatic marks,
such as H3K9me3 (Garcia-Cao et al., 2004) and H4K20me3
(Benetti et al., 2007b; Marion et al., 2011) and by the enrichment of
the H3.3 variant (Goldberg et al., 2010; Udugama et al., 2015).

> —

~10bp ~50bp

— —
~160bp ~200bp

Fig. 5. Telomeres, generally considered heterochromatic, have an altered spacing
between nucleosomes, which is shorter (160 bp) than in the bulk chromatin (200 bp)
(Makarov et al., 1993).

Mammalian telomeres are further characterized by an
hypoacetylated state of H3 and H4, (Benetti et al., 2007a) that are
typical heterochromatic marks necessary for preservation of healthy
telomeres. For example, hypoacetylation of lysine 9 and 56 of
histone H3, properly maintained by SIRT®, is essential for a correct
telomere capping (Tennen et al., 2011).

However, most evidences leading to the assumption that telomeres
are heterochromatic, are principally based on data obtained on
mouse telomeres (Schoeftner and Blasco, 2010). Several studies
showed that the epigenetic status of human telomeres is less defined.
Unexpected low levels of H3K9me3 were found at telomeres in
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human fibroblasts (O'Sullivan et al., 2010), in human CD4C T-cells
(Rosenfeld et al., 2009), and in nine human cell lines of different
origin (Ernst et al., 2011). Recently, from the analysis of multiple
ChIP-seq experiments carried out in several human somatic cells, it
emerged the presence of euchromatic markers at telomeres, such as
H4K20mel and H3K27ac, and the lack of enrichment of H3K9me3
(Cubiles et al., 2018). Conversely, enrichment of H3K9me3 at
telomeres has been found in U20S, an ALT positive human cell line
(Cubiles et al., 2018). At present, the definition of the epigenetic
state of human telomeres is still an open question.

e Telomeric nucleosome

Telomeric nucleosomes are characterized by a lower stability with
respect to bulk nucleosomes, with the same probability of assembly
all along the telomere (Cacchione et al., 1997; Filesi et al., 2000;
Rossetti et al., 1998). This is a sequence-dependent feature, since
TTAGGG repeats are out of phase with the 10 bp DNA repeat in the
nucleosome. The low thermodynamic energy required to slide from
one position to another (Filesi et al., 2000) makes telomeric
nucleosomes intrinsically mobile (Galati et al., 2013; Pisano et al.,
2007). Recently, it has been obtained a 2.2 A crystal structure of a
telomeric nucleosome core particle (Telo-NCP), wrapped around by
23 TTAGGG repeats, which confirmed the features emerging from
the in vitro studies have demonstrated new precious information
about telomeric nucleosome features (Soman et al., 2020).

These characteristics may be crucial for telomere functions, such as
inhibition of DDR pathways, dynamic regulation of epigenetic
states, chromatin remodeling and maintenance of genomic integrity.
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Fig. 6. Structure of the telomeric nucleosome core particle at 2.2 A resolution. The histone
octamer is painted in blue, green, yellow and red (H3, H4, H2A and H2B, respectively)
and the base steps at minor groove pressure points are shown as space filling dots (Soman
et al., 2020).

e Nucleosome -Shelterin interplay

It is now well established that nucleosomes and Shelterin co-exist at
telomeres (Tommerup et al.,, 1994), but how nucleosomes are
positioned along the chromosome ends and how they interact with
the Shelterin complex it is not yet well defined.

It is worth noting that, beyond the presence of Shelterin, there is the
documented presence of sub-complexes involving fewer shelterin
members at telomeres (Giraud-Panis et al., 2010) and that this
variegated composition reflects the dynamics in their binding on
telomeric DNA. By FRAP assays it has been reported that binding
of TRF1 and TRF2 to telomeres is highly dynamic (Mattern et al.,
2004), whereas nucleosomes are stable structures with a very low
turnover (Phair et al., 2004).

These and other evidences even a complex interplay between TRF1,
TRF2 and nucleosomes on telomeric DNA. Through a gel mobility
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shift assay and DNase | footprinting in vitro studies it has been
demonstrated that TRF1 is able to bind to its target sequence on
nucleosome forming a stable ternary complex, shaping telomeric
chromatin and nucleosome mobility but without provoking octamer
dissociation from DNA (Galati et al., 2006).

TRF1 is also able to induce sliding of a telomeric nucleosome
(Pisano et al., 2010) and to stably bind naked DNA adjacent to a
nucleosome (Galati et al., 2015). On the contrary, TRF2 binding to
telomeric DNA is hampered by nucleosomes (Galati et al., 2015).
Moreover, Atomic Force Microscope (AFM) studies reveal the
formation of more compacted nucleosome structures in presence of
TRF2 (Baker et al., 2009; Pisano and Gilson, 2019) Nevertheless,
overexpression of this Shelterin subunit in vivo augments the
spacing between telomeric nucleosomes (Galati et al., 2012).
Despite the substantial number of evidences of how these proteins
can affect chromatin regulation (Galati et al., 2015; Galati et al.,
2006), MNase digestions performed in absence of TRF1 and TRF2
displayed no differences in the nucleosome spacing compared to
WT, even in telomere deprotection conditions (Wu and de Lange,
2008). Further evidences are needed to clarify the involvement of
Shelterin components in the regulation of telomeric chromatin.

POT4 H3K9me or H3.3K9me
TPP1 m H4K20me \\nudeosome

] [
= 'j ‘ |Me| H3K27me % H3.3 nucleosome
& L‘g Ac H3K9ac or H3K56ac

TIN2

Fig. 7. Scheme of telomeric chromatin organization (Cacchione et al., 2019).
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e Histone variant H3.3

Telomeric chromatin is enriched in the H3 histone variant H3.3
(Goldberg et al., 2010). This variant is constitutively expressed
during the cell cycle, and is coded by two genes: H3F3A, located on
chromosome 1, and H3F3B situated on chromosome 17. Unlike the
canonical histones, these genes contain intronic sequences, the RNA
have a poly-A tail and have different 5’-UTR (Frank et al., 2003).
H3.3 differs from its canonical counterparts, H3.1 and H3.2, in only
five and four aminoacids, respectively (Fig. 8) (Filipescu et al.,
2013).

N-terminal Tail

31

|
H3.1 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTEL
H3.2 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTEL
H3.3 ARTKQTARKSTGGKAPRKQLATKAARKSAPSTGGVKKPHRYRPGTVALREIRRYQKSTEL

Histone Fold Domain

o1-helix o2-helix
87 89 90 96

H3.1 LIRKLPFQRLVREIAQDFKTDLREQSSAVMALQEACEAYLVGLFEDTNLCATIHAKRVTIM
H3.2 LIRKLPFQRLVRETIAQDFKTDLREQSSAVMALQEASEAYLVGLFEDTNLCATIHAKRVTIM
H3.3 LIRKLPFQRLVREIAQDFKTDLREQSAATGALQEASEAYLVGLFEDTNLCAIHAKRVTIM

|
85

e

H3.1 PKDIQLARRIRGERA
H3.2 PKDIQLARRIRGERA
H3.3 PKDIQLARRIRGERA

Fig. 8. Schematic view of the amino acid difference between canonical H3 (H3.1/H3.2)
and histone variant H3.3

In particular, three of the five residues, ala87, ile89 and gly90 are
crucial for recognition by the two complex that mediate its
deposition: the histone chaperone complex ATRX/DAXX, which
promotes its deposition at telomeres, pericentromeres, at imprinted
genes and interstitial heterochromatic sites, and the histone
chaperone HIRA complex, which deposits H3.3 at actively
transcribed genes (Goldberg et al., 2010; Wong et al., 2010). These
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specific deposition mechanisms indicate that H3.3 has multiple and
distinct functions (fig. 9).

HETERCCHROMATIN
In transcribed regions “"

and specific chromatin landmarl Telomere C
Pericentric /®-< H3.3-H4
heterochromatin [
f : k™
',"’ > \\\

EUCHROMATIN

Bodies of
active genes
&

promoters

Regulatory
elements

Telomere [ '

Fig. 9. H3.3 enrichment along the chromosome. In mammalian cells, H3.3 is found
enriched both in highly transcribed genes and in heterochromatic regions. Deposition of
this histone variant in the body and at promoters of active genes is mediated by HIRA,
whereas the accumulation at telomeres and pericentromeres is exerted by ATRX/DAXX.
Adapted from (Szenker et al., 2011).

Recently, it has been demonstrated the involvement of PML in H3.3
loading in the genome. These studies show that in mouse fibroblasts,
PML depletion shifts the loading balance of the histone variant from
the open chromatin to heterochromatic regions, such as telomeres
and pericentric repeats (Spirkoski et al., 2019).

This broad range of functions could be explained, at least in part, by
the different turnover rates along the genome, where promoters have
a rapid turnover, gene bodies would be characterized by an
intermediate turnover and the heterochromatic regions would
display a slow rate.

The enrichment of H3.3 at telomeres is crucial for proper formation
of telomeric chromatin. The presence of H3.3 at chromosome ends
is associated with heterochromatin establishment, even though the
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role of H3.3 at human telomeres still need to be explored, also
because most of studies were carried out on mouse embryonic stem
cells (mESCs) (Udugama et al., 2015) and mouse embryonic
fibroblasts (MEFs) (Spirkoski et al., 2019).

Loss of H3.3 in mESCs leads to reduction of H3K9me3, H4K20me3
and ATRX at telomeres, followed by an increase in telomeric
transcription, showing that the octamer with this variant is crucial
for trimethylation of K9 and the telomeric heterochromatin
establishment (Udugama et al., 2015). The presence of
heterochromatic marks helps the structural integrity of telomeres, as
shown in mice deleted for several DNA methyl-transferases
(SUV39H1/2, SUV420H1/2, DNMT3A/B, and DNMT), which
presents dysfunctional telomeres, aberrant telomere length and
chromosomal instability (Benetti et al., 2007b; Garcia-Cao et al.,
2004). Finally, a specific H3.3 PTM (phosphorylation at serine 31)
is important for cell survival in ALT cancer cells and for telomere
stability in mESCs (Chang et al., 2015; Wong et al., 2009).
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HOW TELOMERIC PLAYERS MODIFY
CHROMATIN LANDSCAPE: EPIGENETIC
DEFECTS AT TELOMERES IN CANCER

H3.3 and cancer

In the last few years recurrent histone genes mutations have been
reported in several cancers, with a prevalence of paediatric tumors.
The mutant histones have been called “oncohistones”, indicating
mutant histones which have oncogenic features (Mohammad and
Helin, 2017). So far, these mutations affect only three residues of
the H3 histone, K27, G34 and K36 (Schwartzentruber et al., 2012),
and show a dominant effect. Strikingly, most of these oncogenic
mutations occur in H3.3. The expression of these oncohistones, even
in heterozygosity (being mainly dominant mutations), heavily alters
the global chromatin landscape, but the molecular mechanism is still
unclear. Interestingly, oncohistone mutations are variant-specific,
residue-specific and occur at high frequency, but in different cancer
types and locations: histone H3K27M and G34R/V are usually
found in paediatric brain cancers (Fontebasso et al., 2014; Mackay
etal., 2017), whereas H3K36M and G34W/L mutations respectively
occur in paediatric chondroblastoma and giant cell tumor of bone
(Behjati et al., 2013). The highest frequency of H3.3 mutation has
been found in chondroblastoma, with a 95% frequency of
H3.3K36M (88% H3F3B, 7% H3F3A), whereas in giant cell tumors
of the bone H3.3G34W/L mutation frequency is of 94% (H3F3A,
92% G34W, 2% G34L). Very high is also the frequency of K27M
mutation in diffuse intrinsic pontine glioma (DIPG) (93%, H3F3A),
which is present, even if at lower frequency, also in the canonical
counterpart H3.1 and H3.2 (Mohammad and Helin, 2017; Nacev et
al., 2019).

Notably, H3F3A and H3F3B have different untranslated regions,
and, consequently, a different post-transcriptional regulation; in
fact, H3F3A is characterized by a more uniform expression,
differently from the H3F3B expression which is more differentiated

Pag. 31



Angela Dello Stritto

across tissues and this diversification seems to be recapitulated also
in the occurrence mutation of the two genes: for example, K27M
and G34R/V are present only at H3F3A gene (Mohammad and
Helin, 2017).

. H3K27M

H3.3K27M mutation is abundant in the midline and pons,
accounting for 63.0% DIPG and 59.7% non-brainstem midline
tumor. This group is characterized by a shorter overall survival
(median 11 months) (Mohammad and Helin, 2017).

H3K27M mutation acts as an inhibitor of EZH2, a methyl-
transferase of PRC2, which leads to the loss of transcriptional
silencing though an augmented levels of the acetylation of the
histone H3K27, and at same time, heavily reduction of H3K27me3
(Jiao and Liu, 2015; Venneti et al., 2013).

However, the missense mutation of H3.3 is not sufficient to drive
tumorigenesis (Schwartzentruber et al., 2012), but the combination
with p53 depletion inducing diffuse tumorigenesis in both hindbrain
and forebrain, while ATRX depletion is correlated with more
circumscribed tumors (Pathania et al., 2017).

. H3K36M

As for H3K27M, it was found global loss of di-methylation and tri-
methylation all over the genome, principally in chondroblastoma; in
this case, mutation of K36M suppresses the enzymatical activity of
NSD2/MMSET, that catalyzes mono- and di- methylation of
H3K36, and of SETD2, which trimethylates K36 residue (Fang et
al., 2016; Yang et al., 2016). This particular modification is essential
for recruitment of Dnmt3b on actively transcribed genes, which
exerts its role by preventing spurious transcription through
methylation of the genes (Schwartzentruber et al., 2012). At least in
part, K36M mutations drive tumorigenesis by altering the
expression of cancer-associated genes (Zhang et al., 2017).
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. H3G34R/V

The H3G34R/V mutations occur in paediatric non-brainstem high-
grade gliomas (HGGS), preferentially in H3F3A gene, and R is a
more common mutant than V (Nacev et al., 2019).

Even though G34R/V mutations do not directly occur at a site of
post-translation modification, they affect the residue H3K36 that is
close on the H3 tail,, which can be mono, di-, and tri-methylated or
acetylated in association with transcriptionally active or silenced
chromatin. Noteworthy, diffuse glioma shows a prominent
hypomethylation at chromosome ends (Bender et al., 2013;
Schwartzentruber et al., 2012).

. H3.3G34W

Also in this case, the mutation is defective for SETD2-mediated
methylation, but co-occurs with augmented levels of H3K27me3
and reduction of H3K27ac and H3K9me3 (Fang et al., 2018).

The expression of this mutant leads to alterations in splicing,
transcription and using of alternative start sites to promote cellular
growth (Lim et al., 2017).

Mutations of other genes co-occurred with these H3.3 mutations, in
particular the inactivating mutations of the ATRX and DAXX
genes, which correlate with mutations of K27 with a variable
percentage across studies (30-60%). ATRX mutations frequently
arise with G34R/V histone mutations, with recorded co-mutation
rates ranging from 75 to 100% in the larger cohort of GBMs
(Schwartzentruber et al., 2012).

To summarize, the co-presence of H3.3 missense dominant
mutations, recurrent inactivation of ATRX/DAXX and ALT
phenotype development suggests a possible link between all these
elements, and a deeper investigation could bring new important
information about the mechanism of how these cancers arise.
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Tumor Mutation Histone subtype Affected gene Frequency Codon wild type (mutated)

Non-DIPG pHGG G34R H33 H3F3A 12%-14% GGG [CGG/AGG)

Chondroblastoma K36M H33 HAF3B AAG [ATG|
HAF3A % AAG (ATG)

Fig. 10. Summary of the major dominant point mutations of H3.3 in pediatric tumors, with
frequency of insurgence (Mohammad and Helin, 2017).
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TRF2 extratelomeric functions and cancer

It has been demonstrated that TRF2, beyond its telomeric functions,
has also extra-telomeric roles. Indeed, TRF2 can regulate the
transcriptional activation by occupying a set of ITS throughout the
human genome, referred to as interstitial telomeric sequences
(Simonet et al., 2011), or through the binding of REST, that
regulates neural differentiation (Kwon et al., 2012).

TRF2 is also involved in DNA damage response, where it has been
found associated with DSBs (Bradshaw et al., 2005).

Moreover, several ChlP-seq assays performed in HT1080
fibrosarcoma cells displayed the presence of thousands TRF2-
binding sites along the genome, enriched in potential G-quadruplex
forming DNA sequences. TRF2 associates with several of these
validate G4s in gene promoters, affecting their epigenetic state and
expression (Mukherjee et al., 2019).

Also pericentromeric satellite 111 sequences are bound by TRF2, in
particular during S phase, where the protein acts as a sort of
overseer, ensuring the correct progression of the replication fork
through RTELL1 recruitment, a helicase necessary for resolution of
G4s (Mendez-Bermudez et al., 2018).

This wide diversification of activities exerted by TRF2 is principally
due to its N-terminal basic domain rich in glycine and arginine
residues, which allows TRF2 association to DNA in a sequence-
independent manner (Deng et al., 2009; Fouche et al., 2006; Poulet
et al., 2009).

In the last past years, growing evidences have described the
involvement of this Shelterin component in cancer development.
Indeed, TRF2 has been found upregulated in many tumors (Biroccio
et al., 2013; Diala et al., 2013; El Mai et al., 2014; Munoz et al.,
2005; Nakanishi et al., 2003). Through an extrinsic mechanism
which involves NK cells, TRF2 is able to localize at an ITS
contained in a gene coding for the heparan sulphate 3 -
sulfotransferase (Cherfils-Vicini et al., 2019) which is involved in
regulating NK cell recruitment/activation at the tumor site with an
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impact on tumor take/growth. Other genes regulated by TRF2 are
PDGFRp (EI Mai et al., 2014) and p21 (Hussain et al., 2017). To
date, many studies documented the correlation between cancer
development and alterations (or mutations) not only in TRF2, but
also in the other Shelterin components.

For example, Rap1l associates to both subtelomeric related genes and
genes linked to metabolic regulation, cell adhesion and cancer.
Dysfunctional telomeres were documented in patients in early stage
of chronic lymphocytic leukemia (Lin et al., 2010), and telomere to
telomere fusions were present in patients in late stage of the disease
(Augereau et al., 2011). In agreement with telomeric defects, the
researchers detected decreased levels of TRF1, RAP1 and POT1
(Poncet et al., 2008) TIN2 and TPP1 (Augereau et al., 2011).

POT1 and RAP1 mutations have been found also associated with
familial melanoma, familial glioma, Li-Fraumeni-like syndrome,
mantle cell lymphoma and parathyroid adenoma (Cacchione et al.,
2019).

These evidences demonstrate a clear implication of Shelterin
alterations in establishment of telomeric instability, and an
involvement in cancer development. However, the mechanistic
insights of shelterin alterations in cancer development still need to
be clarified.
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SIRT6 and cancer

SIRT6, a member of the mammalian sirtuin family of Nad®-
dependent histone deacetylases, is a well-known chromatin
remodeling factor implicated in telomere integrity and homeostasis
(Michishita et al., 2008). SIRT6 is a complex enzyme with multiple
substrates and catalytic activities, as deacetylation of both histones
and non-histone proteins; deacetylation of long-chain fatty acyl
groups and mono-ADP-ribosylation activity (Kugel and
Mostoslavsky, 2014; Mao et al., 2011; Rezazadeh et al., 2020;
Rezazadeh et al.,, 2019). At chromatin level, SIRT6 binds
nucleosome (Liu et al., 2020) and deacetylates the histone H3 on
acetylated K9, K56 (Michishita et al., 2008; Yang et al., 2009) and
the more recently identified K18 and K27 residues (Tasselli et al.,
2016; Wang et al., 2016), causing the repression of many genes
differently involved in inflammation, aging, genome stability,
metabolic pathways and telomere integrity (Jia et al., 2012; Liu et
al., 2020; Mei et al., 2016).

At telomeres, SIRT6 prevents impaired silencing of telomere-
proximal genes (Tennen et al., 2011); allows the proper replication
of chromosome ends through deacetylation of H3K9 and H3K56
during S-phase (Michishita et al., 2009) and ensures the correct
recruitment of the WRN helicase. Loss of SIRT6 brings to formation
of dysfunctional telomeres, with end to end fusions and stochastic
replication-associated telomere sequence loss, in a phenotype
Werner syndrome-like, leading to cell senescence and genomic
instability (Michishita et al., 2008; Yang et al., 2009).

The role of SIRT6 in cancer is controversial. In some tumors, high
levels of this sirtuin are correlated with poorer outcomes (Huang et
al., 2017; Khongkow et al., 2013; Marquardt et al., 2013). In other
cancers, including colorectal cancer (CRC), low levels of SIRT6 are
associated with its tumor suppressive activity (Kugel et al., 2016;
Liu et al., 2018).

Recently, it has been reported that TRF2, one component of the
Shelterin, is a substrate of SIRT6. The telomeric protein undergoes
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to the ubiquitin-dependent proteolysis upon SIRT6-mediated
deacetylation of TRF2 lysine residues leads to ubiquitin-dependent
proteolysis. This process is activated upon DNA damage and
subsequent DDR. Of note, in a cohort of CRC patients, an inverse
correlation between SIRT6 and TRF2 protein expression levels have
been found (Rizzo et al., 2017). This finding suggests the hypothesis
that an impairment of TRF2 degradation, as a consequence of SIRT6
low levels, could be one of the mechanisms contributing to the
increased dosages of TRF2 observed in many human malignancies.
In addition to protein stability, whether SIRT6 could also affect the
binding affinity to DNA of TRF2 (and eventually of other Shelterin
factors) remains to be fully investigated.
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AIMS OF THE WORK

Despite the crucial role that telomeres play in assuring chromosome
stability and their involvement in cancer development, little is
known about the epigenetic alterations of telomeric chromatin that
affect telomere protection (Cubiles et al., 2018; Galati et al., 2013).
Some of the most used approaches to study chromatin structure and
function - including ChIP, ChIP-seq, MNase-seq — are less
informative when applied at telomeres. This is mainly due to the
complex nature of human telomeres, characterized by high length
heterogeneity and low sequence complexity. Consequently, we have
only limited information on nucleosome spacing or on histone
composition and modification, while it is quite impossible to
distinguish nucleosomes close to the subtelomeres from those at the
very end of the chromosome.

In this thesis, we focus on two poorly characterized aspects of
telomeric chromatin involved in telomere dysfunctions and tumor
establishment. The first is the role played by SIRT6 deacetylase. It
has been previously shown that SIRT6 interacts with TRF2 and that
DNA damage stimulates the increase of this association. In
particular, there is an increase of TRF2 deacetylation by SIRT6 upon
DNA damage, with a consequent increase of TRF2 degradation
(Rizzo et al., 2017). Interestingly, an inverse correlation between
TRF2 and SIRT6 expression has been found in a cohort of CRC
samples, suggesting the possibility that the oncosuppressive
functions of SIRT6 can result at least in part in its ability to regulate
TRF2 protein stability. It is known that alterations in telomeric
chromatin and in telomere stability are often associated with cancer,
but the molecular details of this association are still largely
unknown. In order to answer, at least in part, to this issue, we
addressed the functional interplay between TRF2 and SIRT6 in
genomic stability and tumor formation, in order to identify novel
effective anticancer strategies.

The second aspect is the role played by the histone variant H3.3 at
telomeres. To address this issue, we developed new tools and a
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different approach to map H3.3 positions at telomeres. First, we set
up a method to chemically cleave nucleosomal DNA at 25 bp from
the dyad axis of H3.3 containing nucleosomes. Then, to overcome
the difficulties generated by the uniformly repeated telomeric
sequence, we developed a strategy to map nucleosome positions
using subtelomeric sequences as starting point. To characterize the
fragments of different length emerging from MNase or chemical
cleavage, we took advantage of Oxford Nanopores sequencing, a
Technology that can handle very long fragments and does not
require any amplification step.
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RESULTS

1.SIRT6 is involved in stabilizing the binding of TRF2 to
chromatin

It has been previously shown that the binding of TRF2 to
nucleosomal telomeric DNA is hindered by the presence of
nucleosomes. Furthermore, also TRF2 binding affinity for naked
DNA is reduced by the presence of an adjacent nucleosome (Galati
et al., 2015). Since it has been shown that SIRT6 binds to
nucleosomes deacetylating H3 (Liu et al., 2020) and interacts with
TRF2 (Rizzo et al., 2017), we asked whether SIRT6 could affect the
binding of TRF2 to the nucleosome. To this aim, we used a
particular DNA sequence, Tel2-601-Tel2, composed by the 601
fragment, a 147 bp long DNA fragment having high affinity for the
histone octamer and forming a very stable reconstituted nucleosome
(Lowary and Widom, 1998), flanked by two telomeric repeats at
each side.

We reconstituted the Tel2-601-Tel2 DNA fragment into a
nucleosome by salt dilution and incubated the reconstituted
nucleosome with different amounts of TRF2 and SIRT6. Fig. 11
shows the binding of TRF2 to nucleosomes formed on Tel2-601-
Tel2. At increasing TRF2 concentration the unbound nucleosome
band (NCP) decreases and two shifted bands appear, corresponding
to the binding of two TRF2 dimers to the two telomeric binding sites
(Fig. 11, lanes 2-4). SIRT6 binds to the nucleosome forming a
ternary complex with the nucleosome (Fig.11, lane 5). The addition
of SIRT6 to the TRF2/nucleosome binding reaction causes the
shifting of the complex and the disappearing of the unbound
nucleosome (Fig. 11, lane 6-8).
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Fig. 11. TRF2 binding to nucleosomal telomeric sequences is stabilized by the presence of
SIRT6. Gel mobility-shift assay NCPs formed on Tel2-601-Tel2 were incubated with
decreasing amounts of TRF2 (lane 2-4 and 6-8, 35, 100 and 350 nM), and with the same
quantity of SIRT6 (lane 5-8, 500 nM). Samples were separated on an 8% acrylamide gel.

We then analyzed whether SIRT6 affects TRF2 binding to
chromatin. We performed a chromatin extraction in HCT-116 cell
line depleted for SIRT6 (fig. 12a).

In the absence of SIRT6 we measured a substantial reduction of
TRF2 in the chromatin extract, suggesting that SIRT6 is important
to stabilize TRF2 binding to chromatin. This finding is even more
significant since SIRT6 depletion results in an increased TRF2
expression (Rizzo et al., 2017). Conversely, depleting TRF2 has no
effect on SIRT6 binding to chromatin (fig 12b). As additional
control, since it has been shown that DNA damage increases SIRT6
recruitment to the chromatin, cells were treated with 1 uM of
Camptothecin (CPT) for 2 hours. DNA damage enhances SIRT6
binding to the chromatin as expected, but this augmented association
is not affected by TRF2 interference.

Collectively, these data suggest that SIRT6 is involved in the
stabilization of TRF2 binding to chromatin.
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Fig. 12. Chromatin extraction from colon cancer cell line. (a) TRF2 association to
chromatin significantly decrease upon SIRT6 depletion, whereas (b) SIRT6 association to
chromatin does not change upon TRF2 depletion. H3 histone has been used as a normalizer
and control of the extraction protocol.
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2. TRF2 delocalizes from heterochromatic regions upon
SIRT6 silencing

Since recent findings demonstrated the presence of TRF2 also at
pericentric regions (Mendez-Bermudez et al., 2018), and that SIRT6
specifically deacetylases lysine 18 of histone H3 (H3K18) at
pericentromeres (Tasselli et al., 2016), we asked whether SIRT6
may affect TRF2 binding at different genomic locations. We down-
regulated SIRT6 expression in HCT116 cells by RNA interference
(fig. 13a) and performed a ChIP experiment with an antibody
recognizing TRF2. As a control, we also immunoprecipitated using
an antibody against H3K18ac, which is a main target of SIRT6
deacetylation activity. Fig. 13b shows a dot-blot hybridized with
probes specific for telomeric sequences, satellite DNA and Alu
sequences. The hybridization with the telomeric probe shows a
significant decrease of TRF2 binding at telomeres (quantified in fig.
13c). Upon SIRT6 depletion, TRF2 binding decreases at
pericentromeres as well. Acetylation of H3K18 at pericentromeres
increases upon SIRT6 depletion, confirming previous reports
(Tasselli et al., 2016). Instead, at telomeres H3K18ac slightly
increase upon SIRT6 depletion, a finding that requires further
investigation.
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Fig. 13. ChIP experiment on colon cancer cell line interfered or not for SIRT6. Inhibition
of SIRT6 was checked by WB, as shown in (a). The crosslinked filter has been hybridized
with a telo-probe, a sat Il probe and an Alu probe (b). As a further control, H3K18Ac,
which is a typical target of SIRT6, was immunoprecipitated. In (c) quantifications of ChIP
experiment are reported. All data are shown as the mean +/- SEM of three separate
experiments.

Then, we decided to study genome-wide the dynamics of TRF2
binding to chromatin upon SIRT6 depletion by a ChIP-seq analysis.
The most relevant result emerging from ChlIP-seq is the
delocalization of TRF2 from repeated heterochromatic regions such
as ALR/Alpha satellite repeats, LINEs and SINEs, and in general,
from pericentromeric regions (fig. 14 and fig. 15). Strikingly, ChlP-
seq analysis shows also several peaks gained upon SIRT6 depletion.
In particular, many peaks gained correspond to gene promoters,

even though also ALR/Alpha sequences and LINE/SINE sequences
are listed too.
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Fig. 14. The differential peak positions found for the TRF2 ChIP-seq were plotted along
the human karyotype (p<10-). Blue positions represent the peaks lost in siSirt6 conditions
compared to the Control, red positions represent the peaks gained. The 6 most common
patterns found near the peaks were represented as symbols (squares, triangle, circles, full
or empty). The motifs were identified during the annotation step of the ChlP-seq analysis
by using the Homer tools suite. This drawing was made thanks to the tool Idiographica and
by a home-made annotation script to add the motifs symbols onto the image.
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Fig. 15. Annotation of TRF2 ChlIP-seq peaks (a) In blue are showed the lost peaks and in
red the peaks gained. Pie charts in (b) represent the peak distribution across the genomic
regions in percentage. The a-satellite, together with the HSAT Il and 11l show the major
loss of TRF2 binding. In SIRT6 silencing condition, several promoters acquire a significant
increase of TRF2 binding.
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The genome-wide peak profile analysis of TRF2 ChIP-seq reads
allowed the identification of 88 genes among the gained peaks and
16 genes among the lost peaks in the SIRT6-KD samples compared
to the control ones. Interestingly, many of the identified genes
enriched in TRF2 when comparing SIRT6-KD versus control
samples have been reported to have a role in tumorigenesis (i.e
HBEGF, TOM1L1, TRAF6, PDP1, Fig. 16). This enrichment on
gene promoters is also in accordance with the recent findings that
put in evidence the involvement of TRF2 in regulation of gene
expression in cancer cells. Further analysis will be necessary to
verify the effect of the TRF2 binding on the transcriptional outcome
of these genes.

Gme  Dage o R4 e Osagelo  rod
ARHGAP28 47 89,72 FLOT1 -69 15,73
NME2 -61 60,92 COx4l1 -58 15,45
CD151 -152 49,22 SLC39A6 -26 15,45
ANKRD20A4 -243 37,44 MED23 -1 15,23
MOB4 -123 26,02 RRP15 -127 15,20
NUDT22 366 22,15 PAXBP1 -82 15,00
MCFD2 15 20,01 MRPL39 -91 14,88
PCMT1 45 18,27 SNX16 -174 14,74
COBLL1 88 17,83 IPO4 -22 14,73
VPS36 58 17,34 FUT10 -74 14,63
UBRS -291 17,33 FRA10AC1 -88 14,59
CTNNALL -46 17,33 ABCAS -118 14,48
SEMAGA 26 16,46 ADAT2 4 14,08
DNAJA1 -183 16,39 TMEM255B -23 14,07
TOM1L1 29 16,29 THEM6 77 10,53
HBEGF -57 16,06 PDP1 -14 9,57
F2R 77 15,87 SNAPC5 -65 9,19
RAD9A -72 15,85 VPS9D1 -194 4,18
TRAF6 13 15,82

Fig. 16. Annotated list of the genes found enriched in TRF2 on promoters upon SIRT6
depletion. In bold are showed those promoters involved in tumorigenesis according to
literature.
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3. High Resolution mapping of H3.3 nucleosome
positions in Human cells.

A novel method of high-resolution nucleosome mapping in
Saccharomyces cerevisiae was developed by Widom and co-
workers by introducing a cysteine at position 47 of histone H4 and
successively performing a chemical reaction which cleaved DNA at
the dyad axis of nucleosomes (Brogaard et al., 2012). Recently, a
similar approach was used by the Henikoff and coworkers, who
showed how mutating the glutamine residue at position 85 of histone
H3 into cysteine can be used to accurately map nucleosome
positions in budding yeast (Chereji et al., 2018). More in detail, this
new cysteine close to the DNA minor groove is responsive to a
chemical cleavage reaction in the presence of phenanthroline,
copper and hydrogen peroxide. N-(1,10-phenanthroline-5-yl)
iodoacetamide (Phe) is a sulfhydryl-binding copper chelating agent,
that covalently binds cysteine thiolic group on H3Q85C and chelates
a copper ion to DNA; the presence of hydrogen peroxide causes the
hydroxyl radical-mediated cleavage of DNA where the copper ion
is bound (fig. 17).

In a nucleosome containing two copies of the mutant histone, the
reagents provoke a double-strand cleavage 25 bp apart from the
nucleosome dyad axis; this means that a 51-bp DNA fragment is
released and that the midpoint of this fragment corresponds to the
precise nucleosome dyad position (fig. 18). Next-generation
sequencing (NGS) of the 51 bp DNA library allowed the direct
mapping of nucleosome positions along the genome (Chereji et al.,
2018). The yeast H3 gene encodes for a H3.3-like protein (Elsaesser
et al., 2010). Therefore, it is likely that introducing the same
mutation (Q85C) in human H3.3 genes would result in a similar
sensitivity to phenanthroline/copper/hydrogen peroxide treatment.
Adapting the chemical cleavage to human H3.3 sounded like a solid
approach to map H3.3-containing nucleosome positions.
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Fig. 17. The H3.3 histones are shown in white. N-(1,10-phenanthroline-5-yl)
iodoacetamide (Phe) covalently attached to the residue H3.3Q85C, chelates a copper ion
(Cu*) to DNA, the presence of hydrogen peroxide causes hydroxyl radical cleavage of
DNA where copper is bound.

Histones H3
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Chemical B DNA : ‘I\J_@‘@ ( 7
cleavage purification (& >/\
=3 G S %
—>§ s >§ S
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Fig. 18. Schematic representation of the phenantroline-driven chemical cleavage and
release of 51-bp long DNA fragments. (Chereji et al., 2018)
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4. The mutant histone H3.30Q85C is incorporated in
chromatin in transgenic human cell lines

In order to set-up a H3.3-specific chemical cleavage mapping we
first infected Hela cells and BJ-hTERT fibroblasts with lentivirus
carrying the vector for the exogenous expression of the mutant H3.3
Q85C fused to a 3XFLAG peptide.

After puromycin selection, the expression of the exogenous H3.3
Q85C was checked by Western Blot by using an anti-FLAG
antibody. As shown in fig. 19 the expression of the transgene is
robust in BJ-hTERT cells, less strong in HeLa cells.

BJhTERT
Hela

H3.3 Q85C-FLAG -+ - +

FLAG —— -

Pactin | c— N G S—

Fig. 19. Western blot with anti-FLAG antibody shows the expression of the H3F3AQ85C
transgene in the infected BJ-hTERT and Hela cells. p-Actin is shown as a normalizer and
loading control.

In order to ascertain the correct nuclear localization of the mutant
protein, we immunostained cells with anti-FLAG antibody (fig. 20).
A diffuse signal was evident in the nucleus of cells transfected with
the H3Q85C transgene, indicating that the mutant protein was
expressed and incorporated into chromatin. Merging of anti-FLAG
with anti-TRF2 images confirmed also the presence of H3.3Q85C
at telomeres.
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DAPI TRF2 FLAG Merge

BJhTERT

BJhTERT-H3.3Q85C

Hela-H3.3Q85C

Fig. 20. Representative Immunostainings of Parental and infected BJ-hTERT and HelLa
cells with a mutant H3.3Q85C, stained for nucleus (DAPI), H3.3Q85C (anti-FLAG) and a
Shelterin component (anti-TRF2); Original magnification, 63x. Scale bar 50 um.

As a further control, in order to verify the proper integration of the
transgenic mutated histone variant in the histone octamer, we
performed a chromatin extraction from BJ-hTERT and HelLa
infected cells. As shown in fig. 21, western blot with FLAG
antibody clearly shows that the mutant protein is present at
chromatin but not in the cytosol. These data indicate that the
transgenic H3.3Q85C is strongly expressed in our cell lines and
correctly integrated in nucleosomes.
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Fig. 21. Chromatin extraction from BJhTERT and HeLa cell line expressing H3.3Q85C-
FLAG. Cytosol was normalized with actin antibody and chromatin with a Ponceau staining.
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5. Genomic DNA of transgenic cell lines expressing
H3.3085C is chemically cleaved

In order to assess that nucleosomes containing H3.3Q85C can be
chemically cleaved, we treated transgenic cells with Phe/Cu/H2Ox.
The reactions were performed incubating cells in a medium
containing 1.4 mM N-(1,10- Phenanthrolin-5-yl) iodoacetamide for
2 hours at room temperature. Then, 0.15 mM CuCl, and 6 mM of
H20, were added to induce hydroxyl radical-mediated cleavage of
DNA.

After treatment, genomic DNA was extracted and run on an agarose
gel. Fig. 22 shows that in the presence of Phe/Cu/H>0, genomic
DNA from HeLa-H3.3Q85C cells is partially degraded with respect
to the untreated control.

This result is in agreement with what expected from the chemical
cleavage of nucleosomal DNA in H3.3Q85C-expressing cells. In
dividing cells, H3.3 is present in about 20% of total nucleosomes
(McKittrick et al., 2004) and the exogenous mutant gene only
accounts for a fraction of total H3.3. Consequently, H3.3Q85C is
distributed randomly and unevenly along the genome, which implies
a pool of cleaved fragments of various length. For the same reasons,
the 51-bp band characteristic of the chemical cleavage of H3Q85C
in yeast (Chereji et al., 2018) is not visible; to release a 51-bp DNA
fragment both H3.3 copies in a nucleosome must carry the Q85C
mutation.

A small level of degradation is present also in genomic DNA from
HeLa parental cells treated with Phe/Cu/H20., ascribable to non-
specific cleavage by phenanthroline in linker DNA (Chereji et al.,
2018). A higher level of genomic DNA degradation is evident in BJ-
hTERT-H3.3Q85C treated with Phe/Cu/H20; (Fig. 23). This result
is consistent with the higher expression of H3.3Q85C-FLAG in BJ-
hTERT-H3.3Q85C with respect to HeLa-H3.3Q85C (see Fig. 19
and 21).
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Fig. 22. Chemically cleaved genomic DNAs of treated cells resolved on agarose gel. a)
Cleaved DNA from HelLa-H3.3Q85C cells vyields a smear when treated with
phenanthroline and copper (lane 7), unlike the untreated sample (lane 5) or the gDNA from
the control parental HeLa cells, regardless of phenanthroline/copper usage (lanes 2-4). b)
peak profiles of the chemical cleavage. The blue lines indicate control samples without
phenantroline; in green are plotted samples with phenantroline without CuCl2 and in red
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Fig. 23. Chemical cleavage of BJ-hTERT fibroblasts (a). Genomic DNA from the
transgenic BJ-hTERT-H3.3Q85C cell line shows a general degradation (lane 5), which is
instead absent in Phe- (lane 4) and in parental control (lanes 2-3). In (b) the peak profiles
of the chemical cleavage. Blue: untreated samples; red: samples treated with phenantroline.
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6. Strateqy to map H3.3 nucleosomes at telomeres.

In order to map H3.3 positions genome-wide, the DNA fragments
released by the chemical cleavage in BJ and HelLa cells transfected
with H3.3 Q85C gene are too heterogeneous. The best strategy
would be to increase the ratio H3.3Q85C/H3.3 wild type
endogenous genes in order to obtain a 51 bp DNA library. However,
the partial and random cleavage shown in Fig. 22 and 23 might
represent the basis to obtain a map of H3.3 nucleosome positioning
on telomeres. Few data are available about telomeric nucleosomal
organization. Due to the uniformly repeated sequence, the only
information emerging from classical MNase mapping studies was
that telomeric chromatin has an unusual short spacing (Galati et al.,
2012; Tommerup et al., 1994). It is still unknown whether the
proximal part and the distal part of telomeres have different
organizations, and consequently there are no data on H3.3
nucleosome positioning. For the same reasons, deep sequencing of
the 51 bp DNA library derived from chemical cleavage could only
give information on telomeric nucleosome occupancy, but not on
telomeric nucleosome positioning. A strategy to infer nucleosome
positions on a long-repeated sequence is to use adjacent DNA as
starting mapping point: in the case of telomeres, subtelomeric
sequences. Therefore, the random partial chemical cleavage shown
in fig. 22 and in fig. 23, which could also be obtained by dosing
phenantroline, and which releases longer fragments extending also
on subtelomeric DNA, seems ideal to map telomeric H3.3
nucleosome positions (fig. 24). To complete our mapping strategy,
we needed to be able to analyze and sequence the long DNA
fragments released by the chemical cleavage. We decided to use an
emerging sequencing technique that allows sequencing long DNA
fragments, namely Oxford Nanopores sequencing.
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subtelomere

(TTAGGG)n «
Reference genome

Fig. 24. Experimental design to chemically map nucleosomes on telomeres. Generation of

long fragments that includes the unique Subtelomere sequences (in light yellow) in addition
to telomeres (in red). The subtelomeres will be used to realign the long sequence to a
reference genome. The H3.3 histones are shown in white, N-(1,10-phenanthroline-5-yl)
iodoacetamide (Phe) is the label, it chelates a copper ion (Cu+) to DNA and the presence
of hydrogen peroxide causes hydroxyl radical cleavage of DNA where copper is bound.
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7. Nanopore sequencing of MNase-digested chromatin

In order to assess the feasibility of our strategy to map H3.3
containing telomeric nucleosomes, we performed sequencing of
MNase-digested chromatin by Oxford Nanopore Technology
(ONT). Several peculiar features distinguish ONT from most of the
other next generation sequencing techniques. An ONT sequencing
device consists of a polymer membrane in which are embedded
hundreds-to-thousands of nanopores. A ionic current passes through
the nanopore channels; when a DNA (or RNA) molecule is induced
to go through the nanopore the current is altered in a sequence-
dependent manner. Measuring the changes in current allows
deducing the DNA sequence of each single molecule. Thus, ONT
is a single-molecule sequencing technique, and PCR amplification
IS not necessary. A second feature is that sequencing efficiency and
accuracy is independent from DNA length, allowing sequencing of
DNA fragments several kb long. A third useful characteristic is that
preparation of the library is easy and rapid and sequencing can be
performed in your own lab, connecting the small MinlON sequencer
to a computer. There are also disadvantages: a higher error rate of
basecalling and, since the methodology is quite new and not yet
widespread, there is a limited availability of bioinformatic
resources.

ONT has been used to study nucleosome spacing and organization
in Drosophila (Baldi et al., 2018), whose genome is more than ten-
fold smaller than human genome. This suggests the need for
enriching in telomeric DNA to have a sufficient coverage of
telomeric regions. In order to set-up a correct strategy we performed
a pilot sequencing experiment. Chromatin from BJ cells was
digested with MNase and the DNA extracted. Fig. 25 shows the
typical pattern of MNase digested chromatin, with a ladder of
nucleosomal repeats about 200-bp long. Before preparing the
library, we bound MNase-digested DNA to AMPure beads at a v/v
ratio of 0.6. This step allowed discarding most DNA smaller than
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340 bp, that is most of the mononucleosomal and the dinucleosomal
bands.

3000 bp

1000 bp

500 bp

—

1 2

Fig. 25. Micrococcal digestion of BJ"TERT genomic DNA. Two different concentration
of the enzyme were used; respectively 222 (lane 3) and 74 (lane 4) units. As a control,
genomic DNA was treated as the other samples without adding the enzyme (lane 2).

The purified DNA sample was end-repaired, A-tailed and ligated to
ONT sequencing adapters. The resulting library has been sequenced
on a MinlON instrument using R9.4 flow cell, under control of the
ONT MinKNOW software. Sequencing has been run for 36 h and
generated 3,266,730 reads containing 2,421,206,552 bases. The raw
data were basecalled by using the Guppy software. After quality
filtering the sequence yield was of 2,830,124 reads containing
2,300,146,812 bases. The resulting library was searched for
telomeric sequences, both by mapping reads to human genome and
by directly scanning them for telomeric repeats (See Materials and
Methods for details) . The reads filtered for having telomeric repeats
are 1119 containing 725128 bases. The ratio between telomeric
bases and the total sequenced bases is 3x10™, in agreement with the
fraction of telomeric DNA in the genome (about 1-3x10™#). The
profile obtained reporting the number of reads and the length of all
the sequenced fragments shows the typical MNase digestion profile
(deprived of the mononucleosome and of the dinucleosome), with
peaks every 180-200 bases (Fig. 26). Plotting only the reads with
telomeric repeats shows instead a much shorter spacing of about
140-160 bases (Fig. 27), in agreement with previous analyses (Galati
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et al., 2012; Makarov et al., 1993; Tommerup et al., 1994). Two
populations are evident, indicated respectively in blue and red. Both
populations have a 150-160 nucleosomal repeat. We hypothesized
that one population derives from entirely telomeric reads, namely
the blue peaks at 450 bp (trimer), 600 bp (tetramer), 750 bp
(pentamer), 900 (examer). The second population might represent
fragments spanning subtelomeric and telomeric repeats. The first
peak of the red series, at 340, might be a dimer comprising the last
subtelomeric nucleosome and the first telomeric nucleosome,
connected by a 40-50 bp linker DNA. Then, the spacing is the typical
telomeric short spacing, with peaks at 490 bp (trimer), 640 bp
(tetramer), 780 bp (pentamer).

Total reads
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Fig. 26. Distribution of the 2,830,124 reads obtained from Nanopore sequencing of DNA
fragments from a MNase digestion of BJ-hTERT chromatin. Reads have been plotted vs
DNA length. Each bar reports reads spanning 20 bp. The trend shows the typical MNase
digestion profile, with peaks every 180-200 bases.
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Fig. 27. Distribution of the 1119 reads containing telomeric repeats filtered from the library
plotted in Fig. 26. Reads have been plotted vs DNA length. Each bar reports reads spanning
20 bp. The trend shows a MNase digestion profile with a shorter spacing (140-160 bases)
(in blue) The second population showed in red might represent fragments spanning
subtelomeric and telomeric repeats

Among the 1119 reads containing telomeric repeats, 302 were
assigned to specific telomeres by aligning with the subtelomeric
repeats. These results suggest that nanopore sequencing can
potentially be used to map nucleosome positions at telomeres, but a
much greater number of reads is needed. This can be obtained by a
significant increase of the starting material. Then, an expensive
option would be to perform several additional sequencing runs,
otherwise, the starting material should be enriched in telomeric
DNA.
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8. Enrichment of telomeric DNA

In order to have an adequate sequencing coverage of telomeric
DNA, we set up a protocol for telomeric enrichment. To simulate
chemical or nuclease cleavage, the DNA was fragmented using
EcoRI restriction enzyme. Since telomeric sequences have no
recognition sites for restriction enzymes, this procedure leaves
telomeres intact. 2 g of digested genomic DNA was first blunt-end
repaired and then A-tailed. Then, the resulting library was ligated to
two previously phosphorylated adapters having a 3’ protruding
thymine (fig. 29). After being purified from unligated adapters by
using AMPure XP magnetic beads, the samples were denatured and
hybridized with blocking oligonucleotides complementary to the 5’
and 3’ ends, to avoid chaining between target (telomeric) and non-
target DNA fragments due to non-specific binding of cross-reacting
adapters. The samples were then dissolved in a specific
hybridization buffer and incubated with a biotinylated (TTACCC)s
probe to capture telomeric DNA. Upon hybridization, streptavidin
magnetic beads were used to capture the biotinylated probes. After
several washes at 65°C, the captured telomeres were eluted in 50 pL
of Tris 5 mM.
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Fig. 29. Schematic representation of the telomeric enrichment workflow.

To evaluate the efficacy of the enrichment, we performed PCR
amplification of subtelomeric and genomic regions (Fig. 30). A clear
amplification product is evident by using primers from the
subtelomeres of chromosomes Xp and Yp (SubXp/Yp) (Fig. 30, lane
12), whereas no PCR product is visible using primers from the
H3F3B gene (Fig. 30, lanes 6 and 7). We checked also the presence
of SubXp/Yp and H3F3B in the first wash after incubation with
streptavidin dynabeads (Fig. 31). A band is evident also in the
sample amplified with SubXp/Yp primers (Fig. 31, lane 5), even if
less intense than in the control (Fig. 31, lane 4). This indicates that
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part of the telomeric fraction has not been captured by the CCCTTA
probe.
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Fig. 30. PCR experiment on enriched telomeres. Lane 2 and 8: no DNA. 50 ng of the input
DNA from BJ-hTERT fibroblasts digested and ligated to adapters was loaded at decreasing
concentration: non diluted, 1:1 (lane 3 and 9), 1:10 dilution (lane 4 and 10) and 1:100
dilution (lane 5 and 11). The eluted sample enriched in telomeres was also employed at 2
different concentrations: 1:10 dilution (lane 6 and 12) and 1:100 dilution (lane 7 and 13).
H3F3B fv and rv primers amplify 192 bp, SubTelo X/Y fv and rv primers amplify 180 bp.
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Fig. 31. Same PCR experiment as in fig. 30 using waste sample as template. Subtelomeric
DNA is present also in the waste sample, even with a fainter signal than H3F3B, indicating
that a part of telomeric DNA has not been sequestered by the biotinylated probe

To quantitively measure the extent of telomeric enrichment, we
performed a real-time PCR (qPCR). Primers for the p-arm of the
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Ct Values

subtelomere of chromosome 9 (st-9p) and for both the H3F3A and
the H3F3B gene were utilized. Firstly, we constructed a standard
curve for the three primers pairs (fig. 32). This was drawn using a
5-fold dilution series of known quantities of input DNA (40 -8 -1
— 0.32 — 0.064 ng). The logarithms of the copy numbers (roughly
estimated as 2 copies per each 6 pg of DNA) are shown on the X
axis, while the CT values are plotted on the Y axis.

St-9p, H3F3A (H33A) and H3F3B (H33A) copy numbers of input
and enriched samples were extrapolated using the linear regression
and reported in the histogram in fig. 33 as a percentage of the input.
While genomic H33A and H33B were absent in the eluate, the
recovery of telomeric DNA could be estimated around 20% (fig.
33). In the end, the enrichment protocol appeared to work properly
and to collect a decent DNA quantity to proceed with the Nanopore-
mediated sequencing.
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Fig. 32. Standard curves for H3F3A (H33A), H3F3B (H33B), subtelo 9p (st-9p).
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Fig. 33. Efficiency of enrichment recovery of telomeric DNA measured by Real-Time PCR
of a subtelomeric sequence. Data are expressed as percent relative to input. All data are
shown as the mean +/- SEM of three separate enrichment experiments.

A more accurate estimation of the enrichment yield comes from
nanopore sequencing. We performed a sequencing run loading 200
ng of the control DNA (BJ genomic DNA digested with EcoRI) and
the result of the enrichment starting from 2 g of the same digested
DNA sample. In the case of the control sample we obtained 555
telomeric reads out of 2237846 (1 telomeric read out of 4000 reads).
Instead, in the case of the enriched sample there were 520 telomeric
reads out of 4826 reads, that is one telomeric read out of 9 reads
(Fig. 34).

Input telo/total reads %
total reads 2237846 - 100%
telomeric reads 555 0,000248006 0,02%

1 telomeric read out of 4000 reads

enriched sample telo/total reads %
total reads 4826 - 100%
telomeric reads 520 0,107749689 11%

1 telomeric read out of 9 reads

Fig. 34. Overview of the data obtained from the Nanopore sequencing on the control
sample and after telomeric enrichment. The table lists the number of the total and telomeric
reads and the percentage of telomeric reads.
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DISCUSSION

Growing data are accumulating in support of a role for histone
modifications, histone variants and chromatin remodeling factors
(CRFs) in telomere maintenance (Benetti et al., 2007b; Galati et al.,
2013; Palacios et al., 2010). In particular, SIRT6 is among the most
extensively studied CRFs implicated in telomere integrity
(Michishita et al., 2008). The role of SIRT6 in cancer is
controversial. In some tumors, high levels of SIRT6 are associated
with poorer outcomes (Huang et al., 2017; Khongkow et al., 2013).
In other tumors, including colorectal cancer (CRC), SIRT6 seems to
have tumor suppressive activity (Kugel et al., 2016; Marquardt et
al., 2013; Liu et al., 2018). TRF2 was recently identified as a novel
substrate of SIRT6, demonstrating that, upon DNA damage, SIRT6-
dependent deacetylation of TRF2 promotes its degradation. An
inverse correlation between SIRT6 and TRF2 protein expression
levels have been also found in a cohort of CRC patients (Rizzo et
al., 2017), suggesting that an impairment of TRF2 degradation, as a
consequence of SIRT6 loss, could be one of the mechanisms
underlying the increased dosages of TRF2 observed in many human
malignancies. We investigated the mechanism/s by which SIRT6
regulates TRF2 binding to heterochromatin. First, we set up an in
vitro model system previously used for the study of the TRF2
binding to linker DNA adjacent to nucleosomes (Galati et al., 2015).
In particular, these binding assays were conducted also in the
presence of purified SIRT6 to explore whether it affects TRF2
binding in a nucleosomal environment. We found that SIRT6, even
in presence of a hypoacetylated nucleosome, has the capability of
stabilizing the association of TRF2 to nucleosome in vitro. This
feature might be relevant in telomeric chromatin homeostasis since
TRF2 has a low affinity for nucleosomal binding sites (Galati et al.,
2015). Support to SIRT6 role in TRF2 binding to chromatin comes
from experiments of chromatin extractions in HCT-116 cells
depleted of SIRT6. We found a significant decrease of TRF2
association with chromatin upon SIRT6 depletion, whereas the
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association of SIRT6 with chromatin is not affected upon TRF2
depletion. To get more details on TRF2 decreased association upon
SIRT6 depletion, we performed a ChIP experiment. From the dot-
blot analyses using telomeric and SAT Il probes it emerged that
TRF2 levels decrease both at telomeres and pericentromeres.

By combining chromatin immunoprecipitation with high-
throughput DNA sequencing (ChlIP-seq), in control or SIRT6
silenced HCT116 cells, it emerged that SIRT6 depletion favors a
switch of TRF2 binding from pericentromeric regions to gene
expression related sequences, some of which implicated in cancer
onset.

Collectively, these results indicate a functional role of SIRT6 in
stabilizing TRF2 binding to heterochromatic regions. It seems
reasonable to suppose that, in native conditions, SIRT6 has the
capability of stabilizing the binding of TRF2 to chromatin whereas,
upon DNA damage, it mediates its deacetylation and degradation
(Rizzo et al., 2017). The delocalization of TRF2 from telomeres and
pericentromeres, induced by SIRT6 loss in favor of the association
with other regions of the genome may be explained by the fact that,
once TRF2 loses the SIRT6 contribution for its stabilization on the
chromatin, TRF2 can be instead stabilized in other sites by different
factors. Furthermore, TRF2 localization on several gene promoters
involved in cancer, raises the intriguing question whether SIRT6
downregulation observed in human tumors can be crucial in
promoting the oncogenic properties of TRF2. Additionally, several
papers show that increased dosages of TRF2 can influence tumor
formation and progression through modulation of gene transcription
(Biroccio et al., 2013; Zizza et al., 2019). The fact that TRF2 may
directly affect gene expression implies that cancer cells expressing
higher levels of TRF2 can activate a different transcriptional
program compared to low TRF2 expressing cells. Therefore, further
investigation will be necessary to assess the transcriptional effect of
TRF2 on its putative target genes. Finally, additional studies are
fundamental for a deeper comprehension of SIRT6-TRF2
association. The impact of SIRT6 depletion on histone
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modifications and how this impact may affect the TRF2 binding it
IS not to be underestimated. It is known from literature that depletion
of SIRT6 leads to cells dysfunctions and premature cell senescence,
accompanied by increasing levels of acetylation on its targets, in
particular at telomeres (Michishita et al., 2008; Yang et al., 2009)
and at pericentromeres (Tasselli et al., 2016). This clearly could
have an impact on the epigenetic state and on TRF2 affinity for
chromatin, and further investigations are necessary to distinguish
functions related to chromatin binding from those related to the
enzymatic activity, for example by employing different SIRT6
catalytically inactive mutants (Hou et al., 2020).

Another poorly understood feature of telomeric chromatin is its
enrichment in the histone variant H3.3.

H3.3 is expressed and incorporated into chromatin in a replication-
independent way throughout the entire cell cycle; in particular, it is
enriched in promoters and enhancers of actively transcribed genes
and at pericentric and telomeric regions. H3.3 deposition is
replication-independent and is mediated by different histone
chaperones. HIRA complex mediates H3.3 deposition at active
genes, whereas a different complex, ATRX/DAXX, is required for
H3.3 deposition at telomeres and at pericentromeric regions
(Szenker et al., 2011). The scientific interest for H3.3 has been
recently highlighted by the discovery of recurrent H3.3 mutations in
several pediatric brain cancers and bone tumors (Shi et al., 2017).
At present, the role of the H3.3 histone variant is still matter of
study; in particular, the reason why H3.3 is highly enriched at
telomeres is far from being elucidated. Maps of H3.3 nucleosome
positions along the human genome had been obtained by ChlP-seq.
However, mapping H3.3 at telomeres is hampered by the particular
features of telomeric sequences. The uniformly repeated sequence
and the heterogeneous length of human telomeres impedes having
any information on whether H3.3 nucleosomes are positioned at the
very end of the chromosome or rather close to the subtelomeric
region.
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We addressed the issue of H3.3 role at telomeres developing an
experimental strategy with two main objectives: i. Setting up a
method to map H3.3 positions on the genome with base-pair
accuracy. ii. Developing a procedure to obtain an oriented map of
nucleosome positions at telomeres. To tackle the first task, we took
advantage of the method developed by Henikoff and co-workers to
map nucleosomes in yeast (Chereji et al., 2018). They mutated yeast
H3 gene introducing a cysteine at 85 position (H3Q85C). The
cysteine’s sulfhydryl group binds covalently the agent
Phenantroline added to the cells. Subsequent addition of copper and
hydrogen peroxide catalyzes the formation of short-lived hydroxyl
radicals that cleave the DNA backbone 20 bp from the dyad axis of
the nucleosome. The 51 bp DNA fragments resulting by cleavage on
either side of the dyad axis form a library of fragments allowing
nucleosome position assignments at base pair accuracy (Chereji et
al., 2018). We decided to apply this strategy to map H3.3 positions
in human cells. The unique yeast H3 gene is H3.3-like. Moreover,
H3.3 in humans is encoded by only two genes, while canonical
histones H3.1 and H3.2 by 15 genes overall. We realized a transgene
carrying the variant H3.3Q85C and tested the ability to express and
localize on the chromatin. We generated transgenic human BJ
fibroblasts and HeLa cells through lentivirus gene delivery and
checked the expression of H3.3 Q85C and its localization into the
nucleus. Then we proceeded with the setup of the chemical cleavage
protocol. The validation of the chemical cleavage is a crucial point
of this project, it has to be highly specific and the background
degradation have to be reduced as much as possible. Indeed, the
experimental evidences also described by (Brogaard et al., 2012;
Voong et al., 2016) show a limited DNA degradation background
caused by phenanthroline treatment. The chemical treatment has
been tested on BJ-hTERT-H3.3Q85C fibroblast and Hela-
H3.3Q85C cells. The phenanthroline/copper/hydrogen peroxide
treatment generated a robust degradation in H3.3Q85C cells,
indicating an active chemical mediated DNA cleavage, whereas
genomic DNA of BJ-hTERT and HeLa control cells is substantially
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intact. This experiment is a clear proof of concept of the validity of
this method in human cells.

The chemical cleavage generated a smear (DNA molecules of
various dimension) but there is no trace of the 51 bp molecules
deriving from double cleavage on the same nucleosome. The reason
for this absence is that the transgene product H3.3Q85C represents
only a fraction of total H3.3 and has to compete with the endogenous
H3.3 for the incorporation within the nucleosome. As a
consequence, it is unlikely that the mutant form of H3.3 is present
twice on the same nucleosome. To map H3.3 position genome-wide,
we are pursuing to mutate endogenous H3F3A and H3F3B genes by
CRISPR-Cas knock-in.

Even if inadequate to map H3.3 positions genome-wide, the random
and partial incorporation of H3.3Q85C within the chromatin can be
exploited to define H3.3 nucleosome positions at telomeres. In the
case of telomeres, analysis of the 51 bp DNA library that can be
obtained by complete chemical digestion could give information on
nucleosome occupancy, but not on nucleosome positions along the
telomeres. Instead, a random partial cleavage would release
fragments spanning also subtelomeric DNA, that could be used to
determine the position of the cleavage on telomeric H3.3
nucleosomes. To this aim we planned to use a relatively new
sequencing technique, that allow obtaining the sequence of very
long DNA fragments, namely Oxford Nanopore sequencing. We
realized two pilot experiments. First, we sequenced DNA from BJ
cells digested with MNase to test the feasibility of nanopores to map
telomeric nucleosome positions and spacing. We identified about
one thousand telomeric reads. The analysis of the read lengths shows
clearly that nucleosome spacing at telomeres is shorter than in the
rest of chromatin. The number of reads obtained is however too
small to allow nucleosome mapping of single telomeres. Since
telomeric reads are only a small fraction of the total reads (1-3 out
of 10000), we developed a protocol to enrich telomeric DNA,
avoiding sequencing millions of undesired genomic sequences. We
used biotinylated telomeric probes and streptavidin magnetic beads
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to capture telomeric sequences. The enrichment was verified by
real-time experiments and by a pilot sequencing experiment. The
result was a very small number of reads but highly enriched in
telomeric sequences, with one telomeric read out of nine total reads.
In the near future we plan to combine chemical cleavage and
telomere enrichment to obtain a more detailed map of H3.3
containing positions at telomeres. H3.3 plays a key role in gene
regulation and in the maintenance of specific chromatin states. We
have a still incomplete knowledge of H3.3 functions and many
future studies are required to elucidate our lacks. Once set-up, we
think that our mapping method could be a precious tool to get
insights into H3.3 role and mechanism of action, and possibly open
a new path in the study of ALT-positive cancers.
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MATERIALS AND METHODS

Cells, culture condition and transfection

Cells were maintained in Dulbecco Modified eagle medium (D-
MEM, Euroclone) containing 10% fetal bovine serum (FBS), 2mM
L-glutamine and antibiotics. For transient RNA interference
experiments, siCTR and siSIRT6 were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA) and transfected into
HCT116 with Interferin (Polyplus) according to the manufacturer’s
instructions.

Chromatin extraction

Cell membranes were lysed in 2-5 volumes of Lysis buffer (10 mM
HEPES pH 7.4, 10 mM KCI, 0.05% NP-40, protease and
phosphatase inhibitors). After centrifugation step (14,000 rpm at
4°C, 10 min), the supernatants containing cytoplasmatic protein
extract were recovered. Then, pellets containing intact nuclei were
washed once with lysis buffer and then centrifuged as before. After
discarding the supernatants, nuclei were resuspended in Low-Salt
buffer (10 mM Tris-HCI pH 7.4, 0.2 mM MgCI.) and centrifuged at
maximum speed for 10 mins at 4°C. Then, the pellets were treated
with 2 volumes of 0.2 N HCI for acid extraction of the chromatin.
Reaction was stopped with same volume of 1 M Tris-HCI pH 8.
Samples were resolved with SDS-PAGE and processed for WB.

MNase digestion

5x10° cells were harvested and lysed in Buffer A (0.25 M sucrose,
10 mM Tris/HCI (pH 8.0), 10 mM MgCly, 1% v/v Triton X-100).
Then, CaCl, was added to the samples, and chromatin was digested
for 5 min with 222 and 74 Units of MNase enzyme (NEB). MNase
reaction was stopped by adding one volume of TEES/proteinase K
(10mM Tris HCI pH 7.5, 10mM EDTA, 10mM EGTA, 1% SDS, 50
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g/ml proteinase K) and incubated at 37-C overnight. DNA was
phenol-extracted and run on a 1% agarose gel. For the sequencing
with the Oxford Nanopore MinlON, the samples were size selected
with AMPure XP magnetic beads, in order to eliminates fragments
smaller than about 300 bp.

Western blot

Cells were lysed in Lysis buffer (10 mM Tris-HCI pH 7.5, 150 mM
NaCl, 0.5% Nonidet P-40, 0.5% sodium dodecyl sulfate (SDS),
cocktail protease/phosphatase inhibitors, (Pierce)) and sonicated for
a few seconds in ice. The concentration of proteins in the cellular
extracts was determined with a BCA protein assay (Thermo Fisher
Scientific). The protein lysate was resolved on SDS-PAGE and
transferred onto the nitrocellulose filter. The filter was first
incubated in a 5% milk powder TBS for 1 hour and then with the
primary antibody overnight. Upon incubation with the secondary
antibody, the protein bands were detected via chemiluminescence
(ECL Western Blotting detection reagents, Amersham Life
Science).

DNA fragments and nucleosome reconstitution

The Tel2-601-Tel2 DNA fragment was extracted from the plasmid
by cutting with EcoRI and BamHI, labeled by filling in the ends with
Klenow enzyme and [a-32P] dATP, gel-purified (Galati et al., 2015).
Nucleosome reconstitution was performed by mixing 1 picomole of
labeled DNA with 1 pug nucleosome (chicken erythrocytes), in 1 M
NaCl, 20 mM Hepes pH 7.9, 0.1% Nonidet-P40, 100 pg/ml bovine
serum albumin (BSA), in a final volume of 10 pl. After incubation
at room temperature for 30°, the salt concentration was lowered to
0.1 MNaCl by sequential additions every 10” of 20 mM Hepes pH
7.9, 0.1% Nonidet-P40 (2, 4, 8, 16, 30, 30 pul).
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Electrophoretic mobility-shift assay

Binding assays were performed by incubating proteins and
reconstituted nucleosome in 15 pl of a reaction mix of 20 mM Hepes
(pH 7.9), 100 mM NacCl, 50 mM KCI, 1 mM MgCI2, 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 1-mM DTT, 5% (v/v)
glycerol, 0.5 mg/ml of BSA and 0.1% (v/v) NP-40. The reaction mix
was incubated at 4°C for 90 min and then run on native 4.5%
polyacrylamide gels (37.5:1, 0.5 x TBE) or on a 0.8% (w/v) agarose
gel (0.2 x TBE). Gel was dried and exposed to Phosphorlmager
screens and quantitated using ImageQuant (Amersham
Biosciences).

ChIP and ChlIP-seq

Cells were cross-linked with 1% formaldehyde. The reaction was
stopped with glycine 0,125 M. Cellular membranes were disrupted
with a dounce homogenizer. Nuclei were incubated in Hypotonic
buffer (50 mM Tris, 10 mM KCI, 2 mM EDTA, 0.5% NP40, 0.1%
DOC) and then resuspended and sonicated in Nucleus Lysis buffer
(50 mM Tris, 10 mM EDTA, 1% SDS) until the average length of
fragments reached 200 bp. The samples were diluted 10- folds to
produce the final concentration of the ChIP buffer: : 50 mM Tris,
150 mM NaCl 2 mM EDTA, 1% Triton, and 0.1% SDS) The
samples were incubated with the primary antibody overnight and
then with protein G sepharose beads for 2 hours, washed with ChIP
buffer, High-Salt buffer (50 mM Tris, 500 mM NaCl, 2 mM EDTA,
1% Triton, 0.1% SDS) and with LiCl buffer (50 mM Tris, 250 mM
LiCl, 2 mM EDTA, 0.5% NP40, 0.5% DOC). Chromatin was
released with solution 1%SDS in 0.1M NaHCO3 at 65° for 15
minutes. The crosslink was reversed by incubating the samples in
Tris (final concentration 20 mM), NaCl (200 mM), EDTA (2 mM),
RNase A (100 pg/ml) at 65°C overnight. Then, DNA was treated
with proteinase K for 1 h at 45° and then extracted with phenol-
chloroform purification. The samples from ChlP was denatured (0.5
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M NaOH, 2 M NaCl and 25 mM EDTA) and blotted onto nylon
membranes using a dot blot apparatus, crosslinked, and hybridized
with telomeric, pericentromeric and Alu probes, radioactively
labeled. The membranes were exposed onto Phosphor-imager
screens and the signal intensity was quantified with ImageQuant
software. The differential peaks positions found for the TRF2 ChIP-
Seq were identified during the annotation step of the ChIP-Seq
analysis by using the Homer tools suite. The bioinformatic analysis
was realized thanks to the support of the Eric Gilson’s laboratory
(IRCAN, Faculty of Medicine Nice, France; Department of
Genetics).

Chemical cleavage

Trypsinized cells were pelleted and resuspended in Permeabilization
buffer (150 mM sucrose, 80 mM KCI, 35 MM HEPES pH 7.4, 5 mM
K2HPO4, 5 mM MgCI2) and L-a-lysophosphatidylcholine at a final
concentration of 100 mg/mL for 5 min. Permeabilized and again
pelleted cells were then washed in Wash buffer (150 Mm Sucrose,
10mM Tris-HCI pH 7.4, 15 mM NaCl, 60 Mm KCI, 5 mM MgClI2,
0.01% NP-40, 0.5 mM spermidine, 0.15 mM spermine), and
incubated with 1.4 mM N-(1,10- Phenanthrolin-5-yl) iodoacetamide
(Biotium) for 2 hours at RT. Washes with Mapping buffer (150 mM
Sucrose, 50 mM Tris-HCI pH 7.5, 2.5 mM NaCl, 60 mM KClI, 5
mM MgCI2, 0.01% NP-40, 0.5 mM spermidine (Sigma), 0.15 mM
spermine) followed and the pelleted cells were incubated with 0.15
mM CuClI2 for 2 minutes. They were later washed, resuspended in
mapping buffer and exposed for 20 minutes to hydroxyl radical
cleavage using 6 mM of 3-mercaptopropanoic acid (Alfa-Aesar) and
6 mM of H202. The mapping reaction was quenched with 2.8 mM
Neocuproine (Alfa Aesar) and, lastly, to extract the chemically
cleaved DNA, the cell pellets were lysed in a buffer containing 10
mM Tris-HCI pH 8.0, 25 mM EDTA, 100 mM NaCl, 0.5% SDS,
and 0.2 mg/mL proteinase K overnight at 55°C. Following
phenol/chloroform extraction, ethanol precipitation, and RNase A
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treatment at 20 mg/mL, the purified DNA was resolved on a 2%
Agarose gel.

Cloning

Mutant H3.3AQ85C cDNA was purchased by Genewiz and
digested with EcoRI and BamHI at 37°C overnight. The gene
sequences were gel-purified with the ‘Isolate I PCR & Gel’ kit
(Bio-Line), ligated in pPCDH-3XFLAG-puro and finally transformed
in competent bacteria overnight at 37°C. Plasmids from selected
colonies screened via PCR were extracted with the ‘HiPure plasmid
midi prep’ kit (Invitrogen).

Infections

Human BJ-hTERT and HeLa cell lines were infected with lentiviral
vectors to deliver H3F3AQ85C. HCT-116 was infected with
pLKO.1-shTRF2 plasmid. The viruses were assembled into
HEK293T, transfected with PMD 2.6, R874 the pCDH or pLKO
plasmids. The culture medium was substituted 24 hours after the
transfection, while the lentivirus-containing medium was harvested
at 2 and 3 days from the transfection. 1,5x10° Human BJ-hTERT,
HeLa cells and HCT-116 were seeded 1-day prior the infection. 1
day after the infection, the selection antibiotic (Puromycin) was
added with fresh culture medium at a final concentration of 5 pg/ml.

Immunofluorescence

5x10* cells were fixed with 2% formaldehyde and permeabilized in
0.25% Triton X100 in phosphate buffered saline (PBS) for 5 minutes
at RT. Fixed and permeabilized cells were first incubated with the
primary and then with the secondary antibodies. To tracking the
nucleus, cells were counterstained with DAPI. Fluorescence signals
were analysed with a Leica DMIRE2 Microscope, equipped with a
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Leica DFC 350FX camera and elaborated by Leica FW4000
deconvolution software (Leica).

Antibodies

List of antibodies used for the WB: polyclonal antibody (pAb) anti-
FLAG (Sigma), pAb anti-SIRT6 (Novus), pAb anti-H3 (Abcam)
and mAb anti-p-actin (Sigma) as a normalizer. List of antibodies
employed for the IF: pAb anti-FLAG (Sigma), anti-rabbit FITC
(Alexa Fluor), mAb anti-TRF2 (Millipore) and anti-mouse TRITC
(Alexa Fluor). Antibodies used for ChIP and ChIP-seq: pAb anti-
TRF2 (Novus); pAb anti-H3K18Ac (Millipore), pAb 1gG (Santa
Cruz Biotechnology).

Purification of His-tag proteins

6xHis-tagged SIRT6 plasmid was kindly gifted from John Denu
(Addgene plasmid #13739). The vector was transformed in TOP 10
E. coli, grown until OD 600 0,6. The induction was performed by
added of 0.1 mM IPTG for 4 h at 25°C. 6xHis-tagged TRF2 was
transformed and expressed in BL21(D3) and grown until OD 600
0,6. The induction was made by added of 1 mM IPTG for 4 h at
37°C. Cells were lysed by sonication and resuspended with Ni-resin
for 1 h. Then, the resin was washed and protein eluted according to
the manufacturer’s instructions. The proteins was dialyzed using
Slide-A-Lyzer Dialysis cassette (Thermo scientific
Pierce,Waltham,MA, USA) in 50 mM Tris pH 7.5, 150 mM NaCl,
10% glycerol (wt/vol), and 5 mM DTT and stored at —20-C before
use.

Genomic DNA purification
Cells were lysed in Lysis buffer, RNase A and Proteinase K. Upon

phenol-chloroform extraction (x2), DNA was precipitated at -20°C
with 3M sodium acetate and 2 volumes of pure ethanol. The samples
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were centrifuged, and the supernatants were carefully discarded.
The pellets were washed twice in 70% ethanol and let dry. Then,
DNA were resuspended in Elution buffer.

Telomeric enrichment

The first step requires adapters preparation. Two adapters (fig. 26)
were designed to repair the digested DNA ends (Adl 3’ and
Adl 5°, or Ad2 3’ and Ad2 5’). After the phosphorylation of the
reverse oligonucleotide with T4 PNK for 20 minutes at 37°C,
Adl1_3’ and 5” were hybridized in an oligo hybridization buffer 10X
(500 mM NaCl, 10 mM Tris-Cl pH 8.0, 1 mM EDTA pH 8.0) in a
final volume of 50 pL and at a final concentration of 40 uM. The
Adapters mix was then incubated in a thermal cycler for 2 min at
95°C, followed by a ramp-down to 12°C at a rate of 0,1°C/sec.).
The second step includes DNA preparation and adapters ligation. 2
ug of EcoRI-digested gDNA was repaired and A-tailed with
NEBNext Multiplex Oligos (New England Bio-Labs) and
subsequently ligated to 2.5 uL of adapters mix using the NEB next
ultra Il Ligation master. The mixture was then incubated at 20°C for
15 minutes. 0.4:1 uL. AMPure XP magnetic beads (Beckman culture
Life Science) were employed to isolate long DNA fragments and
discard oligo contaminants.

The third step hybridizes the obtained DNA library with biotinylated
probes. Blocking oligos (BO1 3° and BO1 5°) were added to the
adapter-ligated library at a final concentration of 2 uL, in order to
block the DNA extremities and avoid the formation of non-specific
aggregations. Blocking oligo-adapter-ligated library was later dried
completely in a SpeedVac set at 45°C. A hybridization buffer 2X
from xGen Lockdown Reagents kit (Integrated DNA technologies)
was added to the dried sample and after a denaturation step at 95°C
for 10 minutes, biotinylated probes BIO-(TTACCC)s were
immediately added to the reaction mixture at a final concentration
of 0,5 uM. To compare hybridization efficiencies, this hybridization
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step was performed in double: one line at 65°C and another at 42°C.
The samples were incubated overnight in a thermal cycler.

The fourth step allows telomeric DNA capture. 100 pL of
Dynabeads MyOne Streptavidin C1 (Invitrogen) were used for each
capture. After several rounds of washes required for beads
equilibration, the hybridized targets were bound to streptavidin
beads with a thermocycler step at 65°C for 45 minutes. After two
different washes, one at 65°C and one at RT, with wash buffers
provided with the xGen Lockdown Reagents kit (Integrated DNA
technologies), the magnetic beads with captured DNA were eluted
in 50 pL of Tris 5 mM following the standard Dynabeads protocol.

Real Time PCR

The enriched DNA samples and the initial digested gDNA used for
the enrichment were used as a template. The subtelomere of chr. 9
p-arm (Subtelo 9p fw + rv), H3F3A (H3.3A 222 fw + rv) and H3F3B
gene (H3.3B 192 fw + rv) were the targets. SYBR Green was used
as intercalating fluorescent agent (SensiFAST SYBR, Bio-Line) and
the amplification reaction was performed with Quantum Studio 3
PCR System (Applied Biosystems) running the following program:
3 minutes at 95°C, 5 seconds at 95°C and 30 seconds at 62°C, for
40 cycles. The results were analysed with QuantStudio Design and
Analysis Software.

Sequencing with Oxford Nanopore technology

For the sequencing process we chose the MInlON platform of
Oxford Nanopore technology. Data acquisition, real-time analysis
and platform check were all performed with the Oxford Nanopore
MIinKNOW software. High-accuracy basecalling was performed
using Guppy software. Flow cell type: FLO-MIN 106, kit: SQK-
LSK 109, MinKNOW Core version: 3.6.5, Bream: 4.3.16, Guppy:
3.2.10. Reads shorter than 100 nucleotides and those with low Phred
quality score were removed using Filtlong tool, available at
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https://github.com/rrwick/Filtlong. Reads containing telomeric
repeats were identified using different tools: edgeCase
(https://www.biorxiv.org/content/10.1101/2020.01.31.929307v1)
to search for tags mapping to the ends of chromosomes and
extending past them into telomeric regions, nhmmer
(https://academic.oup.com/bioinformatics/article/29/19/2487/1867
65) and LAST
(https://academic.oup.com/bioinformatics/article/33/6/926/258502
5) to directly search for telomeric repeats within read sequences.
The bioinformatic analysis was realized thanks to the support of
Gian Gaetano Tartaglia, Alessio Colantoni and Gabriele Proietti
(Dept. of Biology and Biotechnology, Sapienza University)
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