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Abstract

Telomeres are nucleoprotein structures present in the end of linear
chromosomes. In humans, a core complex of 6 proteins cap and protect the
chromosome ends from being recognized as double-strand breaks and eliciting
unwanted DNA damage and repair responses, which lead to chromosomal end-
to-end fusions and genomic instability. In addition to the shelterins, another 200
proteins are detected at telomeres by mass spectrometry. Their functions at

telomere are not yet completely understood.

Telomeres are transcribed into a long non-coding RNA called TERRA. It is
believed that subtelomeric CpG islands act as TERRA promoters. TERRA is
suggested to regulate telomerase activity, to participate in the processing of
uncapped telomeres, in telomeric heterochromatin formation and in promoting

recombination-mediated telomere elongation.

TERRA levels are increased in patients affected by the ICF (immunodeficiency,
centromeric instability, facial anomalies) syndrome. Since these patients also
present very short telomeres, it has been suggested that TERRA regulates
telomere length, either by inhibiting telomerase or by promoting access to end-
attacking nucleases. We used HCT116 DNMT1 (Aexons3-5/Aexons3-5) DNMT3B
(-/-) (“DKO”) cells as a model for the ICF syndrome to try to comprehend the
relationship between TERRA expression and telomere length. In this thesis, we
try to understand (1) if there is a direct correlation between TERRA expression
and telomere length, (2) what drives TERRA transcription, (3) what are the
consequences of TERRA overexpression, and (4) what could cause the short
telomere phenotype in DKO cells. We show that not all telomeres overexpress
TERRA in DKO cells, but even telomeres with normal TERRA expression are
short. By analyzing subtelomeric sequences, we found that the presence and
density of subtelomeric CpG islands determine if its transcript will be
upregulated in DKO cells or not. We used absolute quantification methods to
demonstrate that TERRA is expressed from multiple chromosome ends,

disproving a recent proposal that TERRA stems only from one locus. We also



discovered that CpG-negative subtelomeres express TERRA in levels similar to
CpG-positive ones, suggesting that the presence of subtelomeric CpG-islands is

not a requirement for high TERRA expression.

We next evaluated the telomere length dynamics in DKO cells. We found that
DKO cells show lower telomere elongation rates than the WT. Moreover, DKO
cells fail to downregulate TERRA in S-phase, in contrast to WT HCT116 and HeLa
cells. The downregulation of TERRA in late S-phase has been proposed to
alleviate TERRA-dependent telomerase inhibition and thereby allow the enzyme

to extend short telomeres.

To better understand TERRA transcription, we performed a siRNA screen to
discover new TERRA transcription regulators. We found ZNF148, ZFX, PLAG1
and EGR1 to be new repressors of TERRA transcription.

Finally, we established a CRISPR activation system to induce overexpression of
endogenous TERRA. Overexpression of 10q and 13q TERRA in HCT116 did not
lead to telomere shortening in cis. In HeLa cells, overexpression of multiple
TERRA species led to deposition of the heterochromatin marks H3K9me3 and
H4K20me3 in the telomeres. These marks were also enriched in subtelomeric
sequences in cis. Since TERRA has been shown to interact with SUV39H1 to
ensure H3K9me3 deposition, we speculate that TERRA also recruits SUV420H2

to induce H4K20me3 accumulation.
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Résumé

Les télomeres sont des structures constituées de nucléoprotéines et sont
présents a l'extrémité des chromosomes linéaires. Chez I'homme, il s’agit d’'un
complexe de 6 protéines qui coiffe et protege les extrémités des chromosomes
pour qu'elles ne soient pas reconnues comme des cassures d’ADN. Cette
détection provoquerait des dommages indésirables a I'ADN et enclencherait des
processus de réparation, entrainant notamment des fusions chromosomiques et
une instabilité génomique. En plus des shelterines, 200 autres protéines sont
détectées aux télomeres par spectrométrie de masse. Leurs fonctions aux

télomeres ne sont pas encore completement élucidées.

Les télomeres sont transcrits en un long ARN non codant appelé TERRA. On
suppose que les régions subtélomériques, richent en CpG, agissent comme des
promoteurs de TERRA. TERRA est supposé réguler l'activité de la télomérase,
participer au traitement des télomeres déprotégés, participer a la formation
d'hétérochromatine télomérique et également a la promotion de l'allongement

des télomeres par recombinaison.

Les taux de TERRA sont plus élevés chez les patients atteints d’ICF
(immunodéficience, instabilité centromérique, anomalies faciales). Comme ces
patients présentent des télomeres tres courts, il a été suggéré que TERRA régule
la longueur des télomeres, soit en inhibant la télomérase, soit en favorisant
I'acces aux nucléases. Nous avons utilisé comme modeéle pour le syndrome ICF
les cellules HCT116 DNMT1 (Aexons3-5/Aexons3-5) DNMT3B (-/-) ("DKO") afin
d'essayer de comprendre la relation entre I'expression de TERRA et la longueur
des télomeres. Dans cette these, nous essayons de comprendre (1) s'il existe une
corrélation directe entre I'expression de TERRA et la longueur des télomeres, (2)
ce qui engendre la transcription de TERRA, (3) quelles sont les conséquences de
la surexpression de TERRA, et (4) ce qui pourrait causer le phénotype du
télomere court des cellules DKO. Nous montrons que tous les télomeres ne
surexpriment pas TERRA dans les cellules DKO, mais que méme ceux dont

I'expression de TERRA est normale, sont courts. En analysant des séquences



subtélomériques, nous avons découvert que la présence et la densité d'ilots
riches en CpG détermine si leur transcription sera régulée a la hausse dans les
cellules DKO ou non. Nous avons utilisé des méthodes de quantification absolue
pour démontrer que TERRA est exprimé a partir de multiples extrémités
chromosomiques, ce qui réfute une proposition récente selon laquelle TERRA
provient d'un seul locus. Nous avons également découvert que les régions
subtélomeriques, sans présence d’ilot CpG, expriment TERRA a des niveaux
similaires a ceux des CpG positifs. Ceci suggere que la présence d'llots CpG

subtélomériques n'est pas une exigence pour une expression élevée de TERRA.

Nous avons ensuite évalué la dynamique de la longueur des télomeres dans les
cellules DKO. Nous avons constaté que les cellules DKO présentent des taux
d'allongement télomérique plus faibles que les cellules WT. De plus, les cellules
DKO ne parviennent pas a réguler négativement TERRA en phase S,
contrairement aux cellules WT HCT116 et HeLa. La régulation a la baisse de
TERRA en phase S tardive a été proposée pour atténuer l'inhibition de la

télomérase et permettre ainsi a I'enzyme de ralonger les télomeres courts.

Pour mieux comprendre la transcription de TERRA, nous avons réalisé un screen
de siRNA pour découvrir de nouveaux régulateurs de transcription TERRA. Nous
avons constaté que ZNF148, ZFX, PLAG1 et EGR1 étaient de nouveaux

répresseurs de la transcription TERRA.

Enfin, nous avons mis en place un systeme d'activation CRISPR pour induire une
surexpression de TERRA endogéne. La surexpression 10q et 13q de TERRA dans
les HCT116 n'a pas entrainé de raccourcissement du télomere en cis. Dans les
cellules HeLa, la surexpression de plusieurs especes TERRA a entrainé le dépot
des marques hétérochromatiques H3K9me3 et H4K20me3 sur les télomeres. Ces
marques ont également été enrichies dans les séquences subtélomériques en cis.
Comme il a été démontré que TERRA interagit avec SUV39H1 pour assurer le
dépot de H3K9me3, nous pensons que TERRA recrute également SUV42HO02

pour induire une accumulation de H4K20me3.
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Chapter 1.  Introduction

1.1 Telomere structure and function

Telomeres are complex structures present at the end of every linear
chromosome. They consist of DNA, RNA and associated proteins that must
interact in harmony to correctly shape and protect chromosome ends (Palm and

de Lange, 2008).

In mammals, the telomeric DNA typically comprise 2 to 50 kb of double-stranded
5-TTAGGG-3’ repeats. Mouse cells show telomeres of up to 50 kb, while human
telomeres lie between 5 and 15 kb (Palm and de Lange, 2008). This long double-
stranded sequence ends in a G-rich 3’ overhang of 50 to 500 nucleotides in
length. This overhang is generated by a tightly regulated process. Telomeric DNA
replication generates a blunt-ended chromatid (leading strand) and another
chromatid with a short overhang corresponding to removed initiator RNA
primer (lagging strand). Initially, a short resection of the leading strand is
performed by the Apollo nuclease (Lam et al.,, 2010; Wu et al,, 2010). Further
resection of both leading and lagging is performed by exonuclease I (Exol), which
results in over-resected telomere ends (Wu et al., 2012). This is corrected by the
CST (CTC1-STN1-TEN) complex, possibly by engaging polymerase a-primase in
the fill-in reaction (Dai et al., 2010; Wu et al., 2012, 2012). The single-stranded
overhang is able to invade the preceding double-stranded telomeric sequence
and form a protective structure at chromosome ends. This structure was first
observed using electron microscopy and was referred to as T-loop (Griffith et al.,
1999). The 3’ overhang is also essential for the activity of telomerase. The RNA
component of telomerase (hTR) needs to anneal to the overhang for the catalytic

subunit (hTERT) to add de novo telomeric repeats to the overhang.

Upstream of TTAGGG repeats are chromosomal specific sequences called the

subtelomeres. Subtelomeric sequences are partially conserved segmental
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duplications and often present telomeric-like repeats (Riethman et al., 2005).
About two thirds of the assembled subtelomeres present high-density CpG-like

islands.

Telomeres and subtelomeres are heterochromatic regions and were believed to
be devoid of transcriptional activity. However, in 2007 the telomeric-repeating
containing RNA (TERRA) was discovered in human and mouse cells (Azzalin et
al, 2007). TERRA was also identified in many other species, demonstrating its
conserved nature (Bah et al., 2012; Luke et al., 2008; Rudenko and Van der Ploeg,
1989; Vrbsky et al, 2010). TERRA is now considered an integral part of

telomeres, together with the telomeric DNA and associated proteins.

Telomeres are essential to maintain genomic integrity. With each cell cycle,
telomeres inevitably erode due to the mechanisms generating the 3’ overhang
(Lingner et al, 1995) and the inability of DNA polymerase to complete the
replication of the lagging telomeric strand (Watson, 1972). Telomeres which do
not bear a sequence long enough for the binding of sufficient telomeric proteins
are considered critically short. Insufficient amounts of the proteins TRF2 and
POT1 (introduced below) can lead to ATM and ATR activation, respectively, and
unleash DNA damage responses (DDR) at telomeres (Denchi and de Lange,
2007). Unresolved DDR and persistent ATM activation eventually promote p53-
dependent senescence onset (Deng et al., 2008). Replicative senescence limits
the number of divisions that a cell can make during its life (Hayflick’s limit) and
plays an important role in limiting tumor appearance and progression (Campisi,

2005).

Unlike mammalian cells, the telomeric DNA sequence of S. cerevisiae is more
heterogenous, comprising 300 + 75 bp of different combinations of C1.3A/TG1.3.
The dsDNA is covered by the double-strand binding protein RAP1, its binding
partners Rifl and Rif2, and other proteins. Budding yeast telomeres also finish in
a 3’ overhang and are transcribed into TERRA (Wellinger and Zakian, 2012). This
overhang is bound by the Cdc13 complex (Cdc13, Stn1 and Ten1 proteins), which
caps the single stranded telomeric DNA and recruits telomerase (Wu and Zakian,

2011).

12



In human telomeres, a core complex of 6 proteins, known as shelterin,
abundantly binds to and protects the telomere DNA (Palm and de Lange, 2008).
Two proteins, TRF1 and TRF2 (Telomere repeat factor 1 and 2) directly bind the
double stranded TTAGGG repeats (5-YTAGGGTTR-3") as homodimers through
their Myb domains (Court et al.,, 2005). TRF1 promotes proper telomeric DNA
replication and helps to control telomere length (Loayza and de Lange, 2003;
Sfeir et al, 2009). TRF2 plays an important role in the establishment and
protection of the T-loop. Through its basic domain, TRF2 is able to promote
strand invasion and stabilize the three-way T-loop junction, protecting the T-
loop from cleavage by Holliday Junction resolvases (Schmutz et al.,, 2017). TRF2
is essential for the repression of ATM signaling at telomeres. TRF2 could
potentially inhibit ATM activation, since it was shown to co-immunoprecipitate
with this kinase and to inhibit its autophosphorylation, which happens early in
the DDR cascade (Karlseder et al,, 2004). Another model suggests that this is
achieved indirectly by the formation of the T-loop, where the telomeric DNA end
is hidden from DNA damage detectors (Doksani et al., 2013; Griffith et al., 1999;
Schmutz et al.,, 2017). More recently, the dimerization domain of TRF2 (TRFH)
was shown to promote T-loop formation and to prevent ATM activation in MEFs.
T-loop linearization correlated with telomeric DDR activation, but was not
caused by the DDR, suggesting that the T-loop conformation plays a central role
in telomere protection (Van Ly et al, 2018). In the absence of TRF2, ATM
signaling is activated, which leads to ligase IV-dependent end-to-end

chromosome fusions (Denchi and de Lange, 2007; Smogorzewska et al., 2002).

Another protein that binds telomeric DNA directly is POT1 (Protection of
telomeres 1). POT1 recognizes single-stranded 5’-(T)TAGGGTTAG-3’ sequences
and is abundantly present in the telomeric 3’ overhang (Loayza et al., 2004). By
binding the overhang, POT1 inhibits ATR activation and NHE] at telomeres
(Denchi and de Lange, 2007). POT1 is present at telomeres as a heterodimer
with TPP1. The N-terminus of TPP1’s OB fold domain recruits telomerase and,
together with POT1, stimulates telomerase activity in vitro (Grill et al.,, 2018;

Wang et al,, 2007). However, the POT1 protein alone inhibits telomerase activity,
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Figure 1: Telomere structure, shelterins and T-loop. Human telomeres consist of up to 15 kb of double
stranded TTAGGG repeats ending in a 3’ G-rich overhang. The telomeric DNA is bound by a core complex of 6
proteins, referred to as shelterin (TRF1, TRFZ, TINZ, TPP1, POT1 and RAP1). A number of other known and
unknown proteins participate in the protection and maintenance of the telomere (not shown). The single
stranded overhang is able to loop back into the double stranded sequence, forming the T-loop and a D-loop.
POT1 inhibits ATR activation and telomere elongation by telomerase (TR, TERT and DKC complex) by binding
and hiding the single stranded telomeric DNA and/or by stabilizing the D-loop. TRF2 is able to directly bind
TERRA and protect telomeres against ATM-dependent DDR. Figure from O’Sullivan and Karlseder, 2010.
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possibly by competing with the enzyme for binding to its substrate (Kelleher et
al, 2005). In vivo, overexpression of a POT1 mutant lacking its OB domain
(POT1AOB) leads to rapid increase in telomere length (Loayza and de Lange,
2003). This mutant is still able to localize to telomeres, but fails to bind the 3’
overhang. Two models were proposed to explain this behavior. By binding the 3’
overhang, POT1 could directly prevent the binding of telomerase to the overhang
and hamper telomere elongation. Alternatively, POT1 could stabilize the D-loop
formed at the base of the T-loop and prevent telomere elongation by

sequestering the 3’ overhang (Figure 2) (Loayza and de Lange, 2003).

A B TRF1/tankyrase 1/TIN2
TRF1&ankyrase 1/TIN2

1 =t POTIADE)
FOT1{ADB)

Figure 2: Model proposing the mechanisms by which POT1 helps to control telomere length. (A) POT1,
recruited to telomeres via the TRF1 complex (TRF1, tankyrase and TINZ2) binds the 3’ overhang and hampers
the binding of telomerase to the overhang. (B) POT1 helps to stabilize the D-loop at the base of the T-loop. This
structure hinders telomerase binding to 3’ overhang. In the absence of POT1’s OB domain, the telomere end
may become linear and allow for telomerase-dependent telomere elongation (image and model from Loayza

and de Lange, 2003).

TIN2 is the protein that stabilizes the entire shelterin complex. It binds TRF1 and
TRF2 homodimers and recruits TPP1 and POT1 to the telomeres. TIN2 knockout
induces phenotypes similar to those seen when TPP1 and POT1 are absent,
namely activation of ATM and ATR signaling, excessive 3’overhang formation,
chromatid and chromosome fusions, as well as disproportionate loading of RPA
to the 3’ overhang (Takai et al,, 2011). RPA and POT1 have very similar affinity
for the telomeric ssDNA, however RPA is in 1,000-fold excess over POT1. POT1 is
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probably only able to out-compete RPA and prevent ATR activation because it is

physically tethered to the telomeres via TPP1 and TIN2Z (Takai et al.,, 2011).

The last component of the shelterin complex is RAP1. Human cells and mice
knockout for RAP1 are viable and do not show any major telomeric dysfunction.
Overexpression of RAP1 leads to telomere elongation in HTC75 cells and its C-
terminus domain is responsible for its recruitment to telomeres via TRF2
binding (Li et al., 2000). RAP1 and Ku70 double knockout in mouse embryonic
fibroblasts (MEFs) leads to an increase in telomere recombination (Sfeir et al.,
2010). RAP1 also seems to cooperate with TRF2 to avoid homology directed
repair at telomeres and the generation of telomere-free chromosome fusions

(Raietal., 2016).

Together, these six proteins form the most abundant complex present at
telomeres. They perform essential tasks related to telomere protection,
replication, length maintenance and structure. However, they also rely on many
other players to achieve their goals properly. The list of non-shelterin proteins
associated with the telomeres grows continuously. Methods such as QTIP, PiCh
and BiolD have revealed new proteins important in the telomere biology and
makes us realize that we are still only scratching the surface of such complex
structures (Déjardin and Kingston, 2009; Garcia-Exposito et al., 2016; Grolimund

etal, 2013; Majerska et al,, 2017).

1.2 Telomere maintenance mechanisms

The loss of telomeric sequence that happens with each cycle of DNA replication
has an important role in limiting cellular lifespan. Therefore, tumor cells must

find a way to circumvent this problem.

The vast majority of tumors reactivate telomerase expression. Telomerase is
a ribonucleprotein complex consisting at its core of a catalytic (hTERT) and an
RNA subunit (hTR). Telomerase localizes to Cajal bodies and is recruited to

telomeres in S-phase via interaction with the TEL (TPP1 glutamate and leucine-
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rich) patch in the OB-fold domain of TPP1. hTR binds to the telomeric 3’
overhang and serves as a primer and a template for the addition of new
telomeric repeats by hTERT (Schmidt and Cech, 2015). Telomerase is mostly
active in fast dividing cells, such as germ line and stem cells, while hTERT
expression is suppressed in human somatic cells. Recurrent promoter mutations
have been shown to create new binding sites for transcription factors and

increase hTERT expression in cancer cells (Horn et al., 2013; Huang et al., 2013).

Alternative lengthening of telomeres (ALT) is used by a minority of tumors to
maintain telomere length. It is preferred by certain tumors of mesenchymal
origin, such as sarcomas (leiomyosarcoma, chondrosarcoma and
undifferentiated pleomorphic sarcoma) and astrocytomas (diffuse and anaplastic
astrocytomas) (Heaphy et al, 2011a). ALT uses recombination to elongate
telomeres. The product of such telomeric recombinations generates C-circles,
whose presence is often used to determine if a tumor is ALT-positive (Henson et
al, 2009). Mutations in ATRX and DAXX, proteins forming a chromatin
remodeling complex, are commonly found in ALT tumors and cell lines (Heaphy
et al,, 2011b; Lovejoy et al,, 2012). Loss of ATRX function is associated with high
levels of genome instability and increased telomere length (Lovejoy et al., 2012).
Although associated with ALT, ATRX mutations are not sufficient for ALT
establishment, since these mutations are also occasionally found in telomerase-

positive tumors (Lee et al.,, 2018).

Another feature of ALT cells is increased telomere transcription. Subtelomeric
CpG islands, believed to drive the transcription of the telomeric long non-coding
RNA TERRA, are less methylated in ALT than in telomerase-positive cell lines,
and this phenomenon is associated with increased TERRA expression (Arora et
al, 2014; Nergadze et al, 2009). In the absence of telomerase, TERRA can
promote maintenance of telomere length by telomeric recombination, delaying
replicative senescence onset and preserving genomic stability (Arora et al.,, 2014;

Grafetal, 2017).

Although genetically very different, these telomere maintenance mechanisms are

not mutually exclusive. One melanoma has been recently shown to possess both
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telomerase promoter mutations and ALT phenotypes simultaneously (Lee et al.,

2018). Other 8 tumors are suspected to behave similarly.

1.3 Telomere transcription

Due to the heterochromatic state of chromosomes ends, telomeres were initially
believed to be transcriptionally inactive. With the discovery of human IncRNA
TERRA, it became clear that most eukaryotes transcribe their telomeres (Azzalin
et al, 2007; Bah et al,, 2012; Luke et al., 2008; Rudenko and Van der Ploeg, 1989;
Schoeftner and Blasco, 2008; Solovei et al., 1994; Vrbsky et al., 2010).

TERRA molecules are capped by 7-methylguanosine and are rarely (<10%)
polyadenylated. Non-polyadenylated TERRA has a 3h half-life and partially
associates with telomeres, while polyA TERRA is more stable and vastly
nucleoplasmatic (Porro et al., 2010, 2014). TERRA has been reported to interact
with several telomere binding proteins, such as TRF1, TRF2, HP1 and some ORC
subunits (Deng et al., 2009).

TERRA transcription starts at the subtelomeres and continues towards the end
of the chromosome (Figure 3). Its length varies from 100 to 9,000 bases. The
origin of this variation comes from both the distance between the transcription
start site (TSS) to the telomeres and from how much the transcription

progresses into the telomeric repeats (Porro et al., 2014).

In most eukaryotic cells, telomere transcription has only been characterized as
proceeding towards the chromosome ends. Schizosaccharomyces pombe and S.
cerevisae were also shown to express ARRET, an RNA complementary to the
subtelomeric sequence of TERRA, but lacking telomeric repeats (Bah et al., 2012;
Luke et al., 2008). In addition, S. pombe expresses an RNA similar to TERRA, but
lacking telomeric repeats (0ARRET), and ARIA, a C-rich telomeric DNA devoid of

subtelomeric sequences (Bah et al., 2012).
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CpG Islands o

Subtelomere Telomere
<— Centromere (TTAGGG)n

Figure 3: TERRA transcription often starts in the subtelomeric sequences and continues towards the
chromosome end. Subtelomeric CpG islands, including the 61-29-37 bp repeats, are thought to act as TERRA
promoters. The presence of unique subtelomeric sequences in the 5’ end of TERRA allows us to determine from
which chromosome TERRA comes from. Consequently, we are currently unable to identify and quantify TERRAs

whose transcription starts within the telomeric repeats.

RNA polymerase II is responsible for TERRA transcription (Azzalin et al., 2007;
Schoeftner and Blasco, 2008). The exact location of TERRA’s TSS is difficult to
define, but the few mapped TSSs lay close to the subtelomeric CpG islands (Porro
et al,, 2014). Many of these islands consist of variations of repetitive sequences
known as 61-29-37 bp repeats, which are thought to act as TERRA promoters
(Nergadze et al., 2009).

Up to 20 subtelomeric CpG have been predicted (Nergadze et al., 2009), but little
is known about their role in TERRA transcription and regulation. It is also
currently unknown if the presence of a CpG island is a determinant of TERRA

transcription.

Participating in the regulation of TERRA transcription is DNMT3B, which
methylate subtelomeric CpG islands, thereby inhibiting TERRA transcription
(Yehezkel et al, 2008). Methylation of CpG islands is thought to silence
transcription either by directly inhibiting the binding of methylation-sensitive
transcription factors, or by recruiting methyl-CpG binding domain (MBD)
proteins, such as Kaiso, MeCP2 and MBD1/2/3/4. These MBDs are able to
interact with several chromatin modifiers, such as histone methyltransferases,
histone deacetylases and HP1, to silence the nearby chromatin (Bogdanovi¢ and

Veenstra, 2009; Deaton and Bird, 2011).
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While subtelomeric CpG island methylation inhibits TERRA transcription, CTCF
and Rad21 proteins, which bind in the proximity of these islands, are found to

increase telomere transcription (Deng et al., 2012).

TERRA expression is cell cycle regulated. The highest TERRA levels are found in
G1, while levels decrease throughout S-phase and reach minimal values in the
transition between late-S and G2 phases. During G2, TERRA starts to accumulate
again, leading to maximum levels in G1 (Porro et al, 2010). It is not yet
addressed if the decreased TERRA levels are due to decreased transcription or

increased degradation.

In vitro experiments suggest that changes in TERRA levels during the cell cycle
are important to allow the binding of POT1 to the 3’ overhang after DNA
replication (Flynn et al., 2011). In S phase, RPA is loaded onto single stranded
telomeric DNA. According to this model, POT1 may not able to displace RPA after
replication and requires assistance of hnRNPs. In the beginning of S-phase,
TERRA would bind hnRNPA1 and prevent it from displacing RPA from the
telomeres. Upon decrease in TERRA levels in late S, hnRNPA1 would strip RPA
out of the telomere and give an opportunity for POT1 binding (Flynn et al,, 2011).
An alternative model suggests that the local thethering of POT1 to the telomeres
via TPP1 and TIN2 ensures local POT1 concentrations high enough to induce the

RPA-POT1 switch without aid from TERRA (Takai et al., 2011).

While the cell cycle regulation of TERRA appears to be important for telomerase-
positive cells, the number of TERRA foci is unchanged in U20S and HUO9 ALT
cell lines during S-phase. Cell cycle regulation of TERRA is dependent on a
protein frequently mutated in ALT cells, the chromatin remodeler ATRX. ATRX
depletion in telomerase-positive cells leads to stable TERRA levels in S-phase
and persistent loading of RPA to telomeric DNA after replication, structure that

can potentially assist telomere recombination in ALT cells (Flynn et al., 2015).
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1.4 TERRA’s role in telomere structure

Several heterochromatin marks, such as H3K9me3, H3K27me3 and H4K20me3,
are commonly found in telomeres and subtelomeres of mouse and human cells
(Blasco, 2007). Although originally thought to be highly heterochromatic, a
recent report claims that they are not (Cubiles et al., 2018). Using ChIP-seq, the
authors demonstrate that, compared to Satellites II and III regions, telomeres
harbour less H3K9me3 and H3K27me3, while having more open chromatin
marks, such as H4K20mel, H3K27ac, H3K4me3 and H3K36me3. TERRA is
believed to contribute to heterochromatin formation at telomeres due to its
ability to directly bind SUV39H1 and enhance the deposition of H3K9me3 marks

at telomeres upon telomere uncapping (Porro et al.,, 2014).

Clones with decreased TERRA expression have less telomeric H3K9me3,
H4K20me3 and H3K27me3. Concomitantly, they also show less PCR2 at the
telomeres, which could lead to the reduced heterochromatin marks (Montero et
al,, 2018). In TERRA-reduced clones or when siRNAs against TERRA are used,
telomere-free chromosome ends and other chromosome anomalies are more
frequent (Chu et al., 2017; Deng et al., 2009; Montero et al., 2016). This indicates
arole for TERRA in the normal telomere structure, perhaps serving as a scaffold
for binding or stabilization of different proteins. However, these results need
careful interpretation. High levels of UUAGGG-containing siRNAs could compete
with TERRA and telomeres for binding proteins, as well as bind to the telomeric
3’ overhang, interfering with the telomere structure. Additionally, the TERRA-
reduced clones were created by inducing double-strand breaks in the 20q and
potentially other subtelomeres (Montero et al., 2016), which could by themselves

generate such telomeric anomalies.

More recently, TERRA was also shown to compete with the chromatin remodeler
ATRX not only for binding at telomeres, but also in other loci in the mouse
genome. Using TERRA anti-sense capture probes and deep sequencing, more
than 4,000 TERRA binding sites were identified. Only a fraction of them were
telomeric or subtelomeric sites, demonstrating the ability of TERRA to bind

chromatin throughout the genome. The same probes were used to capture
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proteins interacting with TERRA. 134 proteins were identified, including the
chromatin remodeller ATRX. Analysis of previously published ATRX ChIP-seq
data revealed that more than 600 peaks are shared between this protein and
TERRA. The expression of genes nearby these common peaks, such as Midl,
Erdrl, Fycol, LphnZ2 and Nfib were downregulated by TERRA depletion by LNA
gapmers, but upregulated upon ATRX depletion, indicating a functional
antagonism between them. Moreover, TERRA was shown to outcompete
telomeric DNA for ATRX binding in vitro, and TERRA knockdown increased the
localization of ATRX to telomeres in vivo. It is hypothesized that the same
mechanism is used by TERRA to influence gene expression in non-telomeric

targets (Chu etal., 2017).

TERRA transcripts are capable of invading the double-stranded telomeric DNA
and form TERRA:DNA hybrids, or R-loops. These structures represent a
challenge for transcription and replication machinery and pose a threat to
genomic stability (Aguilera and Garcia-Muse, 2012). Because of that, cells
developed several mechanisms to regulate R-loops, including RNAse H1 and H2,
which degrade the RNA in the R-loop, and the Pifl helicase, able to unwind
remaining hybrids (Arora et al,, 2014; Boule and Zakian, 2007; Paeschke et al,,
2013).

At telomeres, R-loops can also cause problems to the displaced telomeric strand.
G-rich single-strands can form G-quadruplexes, which need to be removed by
helicases, such as BLM and WRN (Drosopoulos et al., 2015), before replication
can proceed. On the other hand, ALT cells seem to profit from the instability
caused by R-loops at telomeres, which promotes telomere length maintenance by
recombination. Arora and colleagues showed that ALT telomeres accumulate
more R-loops and RNAseH1 than telomeres maintained by telomerase. They
demonstrated that the levels of R-loops need to be strickly controlled to preserve
telomere integrity in these cells. Whereas RNAseH1 overexpression leads to
accumulation of telomere-free chromosome ends, probably due to impaired HR
at telomeres, RNAseH1 depletion leads to replication stress, exaggerated
telomere recombination (as measured by C-circle quantification) and sudden

telomere loss (Arora et al., 2014). The authors propose that TERRA:DNA hybrids
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cause replication stress, leading to the loading of phosphorylated RPA at
telomeres, which in turn could recruit RNAseH1 to remove excessive hybrids and

maintain optimal levels of R-loops at telomeres.

Using Saccharomyces cerevisiae strains, Graf and colleagues also showed the
importance of regulating telomeric R-loops (Graf et al, 2017). They induced
sudden telomere shortening by activating the FLP1 recombinase in a single
telomere and observed rapid increase in TERRA expression and R-loop
accumulation in cis. The removal of the R-loops by RNAseH1 (RNHI)
overexpression resulted in decreased loading of the recombinogenic protein
Rad51 at this telomere and premature senescence. They also show that short
telomeres, from cells grown for 60 PDs in the absence of telomerase, recruit less
RNA exonuclease Rat1, which leads to higher TERRA levels. On the other hand, R-
loop accumulation at short telomeres seems to be due to decreased recruitment
of RNAseH2 (RNHZ201) by Rif2, as Rif2 deletion leads to less RNAseH2 and more
R-loops at telomeres. The authors propose that short and long telomeres manage
the amounts of R-loops differently. Long telomeres recruit enough Rif2, Ratl and
RNAseH2 to control TERRA levels and remove R-loops before the arrival of the
replication fork, whereas short telomeres fail to do so. When the replication
machinery meets R-loops, replication stress and DSBs may follow, potentially
triggering homologous recombination and telomere elongation (Aguilera and
Gomez-Gonzalez, 2008; Graf et al,, 2017; Hamperl and Cimprich, 2016). In line
with this hypothesis, a recent report shows that R-loops occurring upon DSBs in
highly transcribed genes can recruit Rad52, which in turn promotes R-loop
processing and homology directed repair in non-telomeric loci (Yasuhara et al.,
2018). Whether this mechanism plays a role in ALT or uncapped telomeres

remains to be investigated.
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1.5 TERRA regulation of telomere length and the ICF

syndrome

The role of TERRA in telomere length regulation is told by a long and conflicting
list of publications, where studies in vitro, in mice, in yeast and in human cells
often disagree. Perhaps one of the most striking evidences of a relationship
between TERRA expression and telomere length in humans comes from analysis
of ICF patients’ cells. ICF (Immunodeficiency, centromere instability and facial
anomalies syndrome) is a rare autosomal recessive disease, with only 50 cases
reported since the 1970s (Ehrlich et al., 2006). Patients suffer from severe
immunodeficiency and recurrent infections, which leads to a poor life expectancy
(Hagleitner et al., 2007). Immunoglobulin supplementation improves the course
the disease (Hagleitner et al., 2007). Although bone marrow and hematopoietic
stem cell transplantation have been performed successfully in ICF infants, they
are not routinely indicated (Gossling et al., 2017). The link between TERRA
expression and telomere length was suggested when primary cells of ICF
patients were shown to have very short telomeres and abnormally high TERRA

expression (Yehezkel et al., 2008).

The most common mutation found in ICF patients falls within the coding
sequence of the DNMT3b gene (classified as ICF1 variant) (Ehrlich et al., 2006).
The remaining patients without DNMT3b mutations could have mutations in
promoters or transcription factors involved in DNMT3b regulation or in other
genes (Ehrlich et al,, 2006). More recently, ZBTB24 mutations have been found in
eight ICF2 patients (Chouery et al.,, 2012; de Greef et al,, 2011).

DNMT3B is the main de novo methyltransferase in human and murine cells.
Together with DNMT3A4, it establishes methylation patterns at an early stage of
embryogenesis (Okano et al., 1999). In mice, DNMT3b deletion is embryonically
lethal, while lack of DNMT3A shows postnatal lethality (Li et al., 1992; Okano et
al,, 1999). Disruption of human DNMT3a and DNMT3b genes results in viable cell
lines (Liao et al,, 2015).
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As a probable result of impaired de novo methylation during embryogenesis,
ICF1 patients present hypomethyation of certain genomic sequences, including
satellites 1, 2 and 3 (Jeanpierre et al, 1993) and subtelomeric CpG islands
(Yehezkel et al.,, 2008). Since subtelomeric hypomethylation is associated with
increased TERRA transcription, it is no surprise that ICF1 patients have
extremely high TERRA expression (Nergadze et al., 2009; Yehezkel et al., 2008).
Additionally, ICF1 patients have very short telomeres, which is likely responsible
for the outcomes of the disease (Yehezkel et al., 2008). The relationship between
telomere length, subtelomeric methylation and TERRA transcription is further
strengthened by the observation that patients with ICF types 2, 3 and 4 have
normal telomere length, methylation and TERRA levels (Toubiana et al., 2018).

The creation of induced pluripotent stem cells (iPSCs) from three ICF1 patients
helped to bring some insight into the mechanisms of the disease (Sagie et al.,
2014). Introduction of c-MYC, 0CT4, SOX2 and KLF4 in primary fibroblasts led to
telomerase upregulation, telomere elongation and allowed cells to overcome the
premature senescence phenotype observed in the fibroblasts. However,
subtelomeric CpG islands remained hypomethylated and abnormally high TERRA
expression was sustained. This suggests that, in the presence of increased
telomerase activity, telomeres can be elongated in spite of their high
transcription levels. The situation was reversed upon re-differentiation of
patient iPSCs: telomerase activity is reduced, telomeres shorten and premature
senescence is triggered. The authors speculate that expression of telomerase
during embryonic development may support ICF syndrome embryos to develop

and reach birth, at which point differentiated cells will have short telomeres.

Similarly to the phenotype of ICF1 cells, DNMT1 and DNMT3b knockout human
colorectal carcinoma cells (HCT116 DKO) also show subtelomeric
hypomethylation, elevated TERRA expression and short telomeres (Farnung et
al, 2010; Nergadze et al,, 2009), providing a more accessible model for the
syndrome. The successful generation of the initial DNMT1 KO cell line (Rhee et
al., 2000) was surprising, since this condition was thought to be lethal in mice (Li
et al., 1992). DNMT3b was soon after knocked out in this DNMT1 KO clone (Rhee
et al., 2002), creating the HCT116 DKO line we use today. Only several years later
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it became clear that this cell line expresses a truncated version of DNMT1
resulting from alternative splicing (Egger et al., 2006; Spada et al., 2007). In fact,
this cell line expresses a truncated form of the DNMT1 protein, which is able to
maintain up to 50% of the WT methylation levels (Egger et al., 2006). Nowadays
this cell line is commercialized as DNMT1 (Aexons3-5/Aexons3-5) DNMT3B (-/-),

but is still referred to as DKO in publications and in the present thesis.

Analysis of subtelomeric methylation revealed only a minor decrease in the
single KO cell lines, while virtually no methylation remained in the DKO cells
(Nergadze et al.,, 2009). DNMT3b KO cells were predicted to show increased
TERRA levels because of the phenotype seen in ICF patients, however TERRA
expression was only increased in the DKO. To add another level of complexity,
DNMT3B overexpression in ICF1 fibroblasts failed to rescue subtelomeric
methylation. Partial rescue was only seen when this protein was expressed
together with DNA methyltransferase 3-like (DNMT3L), which stimulates
DNMT3A and DNMT3B activity and is normally expressed with DNMT3B during
early embryonic development (Yehezkel et al., 2013).

The question remains about why ICF1 and DKO cells have short telomeres and if
these the short telomeres are due to high TERRA expression. It seems unlikely
that increased TERRA is a consequence of short telomeres. Although telomere
shortening causes a mild increase in TERRA expression in Saccharomyces
cerevisiae (Cusanelli et al, 2013), no evidence shows that this is the case in
human cells, since telomere shortening caused by telomerase inhibition does not
increase TERRA expression (Farnung et al, 2012). In parallel, elongation of
telomeres by overexpression of telomerase leads to longer TERRA molecules, but
causes only a 50% reduction on its transcription (Arnoult et al., 2012; Smirnova

etal.,, 2013; Van Beneden et al., 2013).

Two studies have shown that TERRA inhibits telomerase in vitro (Redon et al.,
2010; Schoeftner and Blasco, 2008). In this context, the reduction in TERRA
levels in late S-phase was suggested to alleviate its inhibitory effect over
telomerase, thereby allowing for telomere elongation (Chu et al., 2017; Porro et

al, 2010). In S. cerevisiae, TERRA overexpression stimulates Exonuclease 1
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activity at telomeres and thereby induces telomere shortening (Pfeiffer and
Lingner, 2012). Furthermore, accumulation of TERRA R-loops in cells lacking the
yeast Ratl RNA exonuclease can serve as an obstacle for telomere maintenance
and cause telomere shortening (Luke et al.,, 2008). The same appears to be true
for human cells. ICF patient cells show increased formation of R-loops and more
DNA damage markers at telomeres, both of which are reduced with the
overexpression of RNase H1 (Sagie et al., 2017). Unresolved damage caused by
TERRA:DNA hybrids can potentially contribute to telomere dysfunction in the

disease.

Arguing against TERRA-dependent telomere shortening are two models
described in S. cerevisiae. In one of them, TERRA was shown to be transcribed
from short telomeres and then to co-localize with the TLCI telomerase RNA and
its telomere of origin (Cusanelli et al., 2013). The authors speculate that TERRA
produced specifically from short telomeres recruits telomerase in cis to induce
the preferential elongation of short chromosome ends. More recently, Graf and
colleagues showed that TERRA R-loops accumulate during S-phase at critically
short telomeres, where they help to elicit DDR and HDR to elongate these
telomeres (Graf et al,, 2017). The authors suggest that accumulation of R-loops
would not happen at long telomeres, because those harbour sufficiently long
telomeric repeats to recruit enough Rapl, Rif2 and RNAseHZ molecules.
RNAseH2 would be responsible for degrading TERRA and R-loops before the
arrival of the replication fork, preventing DDR activation. By eliciting HDR
exclusively at critically short telomeres, cells can avoid premature senescence
and inadequate DDR activation and HDR at long telomeres. It should be pointed
out that both studies were conducted in yeast and that the effect of TERRA in

mammalian telomeres may differ significantly.

In an attempt to induce high TERRA transcription and observe changes in
telomere length, an artificial transcriptionally inducible telomere (tiTEL) was
inserted at a chromosome end of HeLa cells (Farnung et al, 2012). Upon
doxycycline addition, transcriptionally inducible TERRA (tiTERRA) increased 10
to 20-fold, but this did not affect telomere elongation in cis (Farnung et al., 2012).

It is important to notice that these experiments were performed upon
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overexpression of telomerase and could have developed differently when limited
to the endogenous expression of the enzyme. The tiTEL system also failed to
induce telomere length changes in S.pombe (Moravec et al, 2016). However,
some telomere elongation was seen with concomitant tiTERRA expression and
trichostatin A treatment, which enhances TERRA expression and decreases

heterochromatin formation.

tiTEL experiments and the fact that telomeres from DKO cells can be normally
elongated by telomerase (Farnung et al, 2012) argue against a TERRA-
dependent telomerase inhibition in vivo in human cells. Clearly there is still a lot
we do not understand in the complex relationship between TERRA, telomerase

and telomere length.

1.5 Thesis outline

The aim of this thesis is to better understand TERRA transcription and how it
affects telomere maintenance and structure. Chapter 2 is fruit of a collaboration
with Marianna Feretzaki and Julien Delafontaine. We describe the
characterization of TERRA transcription in HeLa, U20S, HLF, HCT116 WT and
DKO cells, perform an siRNA screening for new TERRA transcription factors and

validate of one of them by CRISPR/Cas9 knockout.

Chapter 3 describes a quest to comprehend why HCT116 DKO cells have such
short telomeres. Starting by investigating the telomere length maintenance
dynamics and the cell cycle control of TERRA, and passing by attempts to create
new DKO clones, we arrive at the use of CRISPR interference and activation
systems to manipulate endogenous TERRA expression. With this system, we
show that overexpression of the 10q and 13q TERRAs does not lead to telomere
shortening in cis, but increases H4K20 and H3K9 trimethylation. Although there
is a general increase in heterochromatin marks in the telomeres, it seems that

the effects in subtelomeric sequences is exclusively in cis.
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Chapter 2.  Quantification of TERRA

in different cell lines

2.1 Introduction

The subtelomeres are generally considered to be the 500 kb of DNA sequence
preceeding the start of the TTAGGG-repeats. The first subtelomeric sequences
were cloned in 1990 by Brown and colleagues (Brown et al, 1990). They
succeeded in cloning 3.4 kb and 2.1 kb of the XqYq and 10q subtelomeres,
respectively, into yeast artificial chromosomes. In these sequences, named
TelBam3.4 and TelSau2.0, they identified shared conserved repetitive elements
forming CpG islands of various sizes. The more centromere-proximal repeat is a
tandem of 61-base-pairs (bp), which is followed by a 29-bp tandem repeat and a
37-bp tandem repeat, localized close to the telomeric repeats. The subtelomeric
region containing these repeats is refered to as 61-29-37 bp repeats, and it is
found not exclusively in the 10q and XqYq subtelomeres, but also in the 1p, 2p,
3q, 4p, 5p, 6D, 8p, 9p, 9q, 11p, 12p, 15q, 16p, 17p, 19p, 20p and 21q (Nergadze et
al,, 2009).

Telomere-associated repeat (TAR1) sequences, composed partially of
degenerated telomeric repeats, were also identified in the 2kb near to the
TTAGGG repeats of nearly all sequenced chromosome ends. This sequence varies
considerably in size among the different subtelomeres (Riethman, 2008). TAR1
sequences often contain the 61-29-37 bp repeats and can be partially transcribed

as the subtelomeric part of TERRA.

Also embebed in the subtelomeric sequences are long coding and non-coding
RNAs from the WASH and DDX11 families. DDX11 family genes are present in the
1p, 2q, 3q, 6p, 9p, 9q, 11p, 12p, 15q, 16p, 17p, 19p, 20p, 20q, Xq/Yq, Xp. These
genes are transcribed towards the centromere some of them are potentially

translated (Costa et al., 2009).
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Genes from a subclass of the Wiscott-Aldrich Syndrome Protein (WASP) family,
the WASH genes, are also present in the subtelomeres. These genes are
transcribed towards the chromosome end and finish roughly 5 kb away from the
telomeric repeats (Riethman, 2008). WASH genes have undergone extensive
duplication and degeneration, and can be found in at least 16 chromosome ends.
In humans, they encode a class of WASP proteins that co-localizes with and
promotes nucleation of actin (Linardopoulou et al, 2007). Montero and
colleagues proposed that the WASH transcripts proceed until the end of the
chromosome and contain telomeric repeats, thereby being wrongfully detected
as TERRA (Montero et al., 2016). They suggest that the only real TERRA, which is
not derived from other subtelomeric transcripts, is the 20q TERRA. We show
here that WASH transcripts do not behave as TERRA molecules in HCT116 DKO

cells and can therefore not represent the majority of TERRA.

™ DDX11 TAR1 -

WASH - CpGislands (TTAGGG)n
61-29-37 bp repeats

Figure 4: Representation of the main repetitive elements present at the subtelomeres. WASH and
TERRA RNAs are transcribed in the same orientation, towards the chromosome end. DDX11 transcripts are

generated in the opposite direction. The elements in this figure are not in scale.

Nergadze and colleagues were the first to propose that subtelomeric CpG islands
could act as TERRA promoters. They cloned the 61-29-37 bp repeats upstream
an eGFP gene and observed that the 29-37 repeats were sufficient to drive eGFP
expression. These repeats are easily recognized in the XqYq subtelomeres, while
many variants can be found in other chromosome ends. The hypomethylation of
the 61-29-37 repeats was linked to high TERRA expression, as DKO cells seemed
to have less than 5% of methylation left in these specific sequences (Nergadze et

al, 2009).
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Although the 61 bp repeat is not required for the promoter activity of the
subtelomeric repeats, it plays a role in the regulation of transcription. These
repeats are also often the binding site for CTCF and Rad21, whose depletion
leads to decreased TERRA expression (Deng et al., 2012). Apart from CTCF and
Rad21, NRF1 and HSF1 have been implicated in activating TERRA transcription
(Diman et al,, 2016; Koskas et al., 2017). On the other hand, ATRX and Snaill
seem to inhibit TERRA transcription (Chu et al., 2017; Mazzolini et al., 2018).

Bioinformatic analysis of subtelomeric sequences predicts a large number of
binding sites for several transcription factors (Porro et al., 2014). Complemented
with an additional analysis, we validated some of the predicted TERRA
transcription factors and performed a detailed characterization of TERRA

transcription in different cell lines.

2.2 Results

Characterization of TERRA expression in HCT116 DKO cells

Even though HCT116 DKO cells are known to overexpress TERRA, the extent of
the increase was never measured in detail in the different chromosome ends.
One of the reasons behind this is the challenge of measuring individual TERRA
molecules by RT-qPCR, due to the sequence similarity between different
subtelomeres. To circumvent this problem, we carefully designed and/or
validated the TERRA qPCR primers used in our experiments by isolating the RT-
gPCR products. These products were then subcloned into a plasmid and
sequenced. Unless stated otherwise, all primers used in the experiments below

were validated to amplify only the desired product.

With a set of specific TERRA primers on our hands, we measured the increase in
TERRA expression in DKO cells. When compared to WT cells, most TERRAs are
highly overexpressed in DKO (Figure 5A). However, the 7p, 17p, 20q and XpYp
TERRA species seem to be unaffected by the lack of subtelomeric methylation.
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Figure 5: Characterization of TERRA expression in HCT116 DKO cells. (A) Relative quantification of
TERRA expression in HCT116 WT and DKO cells. WT TERRA levels were adjusted to 1. (B) Representation of
position and CG content of subtelomeric CpG islands in the indicated chromosome ends. ** p<0.01, *** p<0.001,

n=3.
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To elucidate the mechanism behind this phenotype, we looked at the
composition of the first 15 kb of subtelomeric sequences. Our goal was to
identify CpG islands potentially involved in promoting TERRA transcription. Any
sequence longer than 200 bp with more than 60% GC content was considered a
CpG island. As seen in Figure 5B, about 75% of the chromosome ends analyzed
contain a CpG island, similarly to previously published data (Koskas et al., 2017).
The length and the GC content of these CpG islands greatly varied among the
different subtelomeres. Furthermore, the chromosome ends displaying no CpG
islands are exactly those whose TERRA expression is insensitive to lack of
methylation. The 20q TERRA, however, seems to be an exception. Its
subtelomere shows a very short CpG island, very similar in length to the 2p,
whose expression is greatly increased in DKO cells (Figure 6A). Only the absolute
quantification of 2p TERRA is shown since the extremely low expression of this
species in WT cells impedes a relative quantification. The main difference
between the 2p and the 20q CpG islands seems to be their GC content. While the
2p island has 81% CG content, the 20q barely reaches 70% (Figure 5B). These
data suggest that the presence of a subtelomeric CpG island predicts TERRA
overexpression in DKO cells. For very short CpG islands, this prediction seems to

also depend on their CG content.

Subtelomeric CpG islands are thought to be important promoters of TERRA
transcription. We therefore tested if those subtelomeres lacking CpG islands
express any TERRA at all and how their transcription levels compare to CpG-
containing ones. To do so, Marianna Feretzaki developed an absolute
quantification method for TERRA. We subcloned the subtelomeres of interest
into pcDNA4 vectors. The final amount of each plasmid was carefully measured
using the Qubit™ dsDNA High Sensitivity Assay Kit and a serial dilution from 1 to
108 copies of plasmid was used to create a standard qPCR curve. The standard
curve was used to quantify absolute TERRA levels in five cell lines. For this
analysis, we included not only HCT116 WT and DKO cells, but also another
telomerase-positive cell line (HeLa), a primary line (human lung fibroblasts,
HLF) and cells that maintain their telomeres by ALT (U20S). This allows us to

gain an overview of TERRA expression pattern across different cellular
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backgrounds. In our calculations, we assume that the reverse transcription
reaction is 100% efficient, which is probably not the case. Therefore, the results

of the plasmid-based quantification are expressed as copies per pg of total RNA.

The results obtained by absolute quantification corroborate those stemming
from the relative quantification (Figure 6A). It also became clear that
subtelomeres without CpG islands are still able to produce TERRA (17p), and
their transcripts appear to be abundant in HeLa and HCT116 WT cells.
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Figure 6: Absolute quantification of TERRA in different cell lines. Absolute quantification was performed
by qPCR using a standard curve prepared with plasmids containing subtelomeric sequences of the indicated
telomeres. The quantification was done in HCT116 WT and DKO cells (A), in U20S, HLF passage 14 and HeLa
(B).
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HeLa and HCT116 cells, both telomerase-positive, showed a very similar pattern
of TERRA expression (Figure 6B). 17p was by far the highest expressed TERRA,
followed by 20q or XqYq. In contrast, U20S cells showed high expression of XqYq
and 20q TERRAs, while relatively few copies of 17p were detected. Primary HLF
cells present a more equilibrated profile, where the differences between the
highest and lowest expressed TERRAs are not so pronounced. In all DNMT1/3B
proficient cell lines, the 2p TERRA was the one with the lowest absolute

expression in our panel.

To achieve an even more realistic quantification of TERRA, we quantified a few
molecules using standard curves done with TERRA RNA. For that, cloned TERRA
was in vitro transcribed, quantified, serially diluted and reverse transcribed
before the qPCR. By doing so, we can take the limitation of the reverse
transcription into account when calculating the number of TERRA molecules per

cell (Table 1).

Table 1: Number of TERRA molecules per cell

Cell Line 10q 15q 20q
U20s 164 + 41 63 +9 4 +£1
HLF 08 + 0.1 8+1 1+1
HeLa 21 51 1+1

HCT116 WT 21 22 £4 8 2
HCT116 DKO 954 + 65 298 + 12 4 +1

Due to different preparation of standard curves, the results from Table 1 and
Figure 6 cannot be directly compared, but the relative amount of TERRA
expression among the cell lines remains reasonably constant. In both
experiments, 20q expression is about twice as much in HCT116 WT cells as in
DKO cells. This specific TERRA molecule was previously suggested to be the most
abundant TERRA in U20S cells. A knockout of the subtelomeric 20q sequence
seemed to produce a TERRA KO cell line (Montero et al., 2016). Here we use two
methods to show that the 20q is not the most abundant and certainly not the

only TERRA molecule produced by different cell lines.
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TERRA and WASH transcripts behave differently in DKO cells

In 2016, Montero and collagues claimed that there is only one bona fide TERRA
molecule and that all other TERRA molecules detected by Northern blot and RT-
qPCR are in fact WASH, DDX11 and TAR1 transcripts (Montero et al., 2016). It is
expected that some TAR1 sequences are present in TERRA molecules, since they
often comprise the 61-29-37 bp repeats and/or are adjecent to the TTAGGG
repeats. The DDX11 transcripts are unlikely to be misclassified as TERRA
because they are transcribed in the opposite direction. However, if the
transcription of WASH is not properly terminated, it could indeed advance
towards the telomeric repeats. Assuming that all TERRAs, except the 20q, are in
reality WASH transcripts, then these RNAs must simulate the behaviour
previously associated to TERRA, including their upregulation in HCT116 DKO
cells (Nergadze et al., 2009).

To verify if WASH transcripts are upregulated in DKO cells, we designed 3 primer
pairs to amplify WASH by RT-qPCR. To avoid any bias, random primers were
used in the reverse transcription reaction. In agreement with our previous
experiments (Figure 5) more TERRA transcripts were detected in HCT116 DKO
cells, with exception of the 20q TERRA. The expression of WASH, as measured by
any primer pair, was unchanged in this cell line (Table 2). Therefore, the changes
in TERRA expression seen by us and others in RT-qPCR or Northern blots cannot
be explained by changes in WASH expression, arguing that these RNAs are

unrelated and possess their own promoters.

Table 2. Fold change in the expression of the listed transcripts. Expression in HCT116 WT was adjusted to 1. N =
1.

Transcript HCT116 WT HCT116 DKO

9p TERRA 1 9.6

12q TERRA 1 31.3

18p TERRA 1 27.7

20q TERRA 1 0.52
WASH_1 1 1.1
WASH_2 1 1.0
WASH_3 1 0.9
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ZNF148 is a repressor of TERRA transcription

Currently, there are only a few transcription factors known to influence TERRA
transcription, including CTCF, NRF1 and HSF1. However, TERRA expression is
complex, responds to changes in telomeric DNA and protein composition and
varies according to cell line and chromosome end, suggesting that many
transcription factors may be potentially involved in its transcriptional regulation.
In addition, previous analysis of the 2 kb surrounding predicted TERRA TSSs
(Porro et al, 2014) revealed that subtelomeric sequences are rich in binding
motifs for the most diverse transcription factors. Therefore, we set out to study

which of these factors actually contribute to TERRA expression.

Firstly, in a collaboration with Marianna Feretzaki and Julien Delafontaine, we
performed a motif search analysis (FIMO database) to complement what was
previously published (Porro et al,, 2014). The main difference between the two
approaches is that, while Porro and colleagues screened the 2 kb around
TERRA’s predicted 5’ end, we scanned the 2 kb sequence preceding the start of
the telomeric repeats (Table 3). Marianna performed an siRNA screening with all
transcription factors whose motifs were discovered in the bioinformatic analysis.
CTCF and ATRX were used as positive controls. We were unable to efficiently
knockdown SP1, EWSR1, SMAD4, PEBP1, MAZ, SP2 and ZNF263. AP2A1, KLF15
and ZNF281 depletions did not change TERRA expression (data not shown).
However, ZNF148, ZFX, EGR1 and PLAG1 knockdowns induced TERRA
expression (Figure 7), suggesting that they act as TERRA repressors.

Table 3: Motifs of transcriptional regulatory elements found in the different subtelomeres by FIMO.

CpG- ti
CpG-positive chromosome ends EhEr TS A
TF chromosome ends Sum

9p | 10q | 15q | 16p | 19p | XqYq| 7p | 17p | 20q |XpYp
CTCF 25 8 19 16 24 29 15 8 18 8 170
PLAG1 | 11 8 16 12 8 13 18 1 19 60 [ 166
EGR1 8 8 4 7 9 7 6 8 4 2 63
SP1 110 | 49 98 | 119 | 136 | 165 | 86 58 89 | 289 |1199
ZFX 79 56 69 56 59 68 56 8 36 56 | 543
ZNF148 | 32 45 19 26 35 24 26 10 44 48 | 309
EWSR1 5 4 3 8 6 8 2 4 6 2 48
AP2A1 8 8 7 3 1 7 6 8 2 4 54
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SMAD4 3 7 8 9 6 2 2 4 5 10 56
CACYBP| 28 29 12 8 14 12 19 16 6 9 153
KLF15 8 4 3 14 5 15 5 6 22 22 104
PEBP1 4 6 3 1 2 7 6 6 1 9 45
MAZ 32 25 29 35 29 19 28 19 22 90 328
SP2 66 98 48 56 49 69 59 35 36 189 | 705
ZNF263 | 35 25 19 20 18 33 19 36 7 36 | 248
ZNF281 | 145 89 116 | 143 | 151 | 143 | 189 36 80 357 11449
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Figure 7: ZNF148, ZFX, EGR1 and PLAG1 are new factors affecting TERRA transcription. HeLa cells were

transfected with single siRNAs against transcription factors predicted to bind to subtelomeric sequences.

*p<0.05 n=3.
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To confirm some of these results, we designed gRNAs to knockout ZNF148 in
HeLa cells using CRISPR/Cas9. gRNAs against CTCF were used as positive control
and caused a decrease in TERRA levels (Figure 8A-B). The gRNA 4 against CTCF
had little effect in the protein level and therefore did not affect TERRA
expression. ZNF148 KO with gRNA 1, 3 or with a pool of 5 gRNAs caused
significant increase in 13q and Xq TERRAs (Figure 8C-D). Both siRNA and gRNA
approaches suggest that ZNF148 acts as a negative regulator of TERRA

expression.
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Figure 8: ZNF148 knockout increases TERRA transcription. HelLa cells were transfected with 1, 2 or a pool
of 5 gRNAs against CTCF and ZNF148. Transfected cells were selected for 3 days with puromycin. RNA from 1-3
million cells was used for RT-qPCR (A and C) and 100,000 cells were used for verification of protein levels (B
and D). *p<0.05,n = 3.
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2.3 Discussion and Perspectives

The increased TERRA expression phenotype in DKO cells was known since 2009
(Nergadze et al., 2009). However, the extent of this increase was never fully
measured. Here we quantify TERRA overexpression in 12 chromosome ends. We
found that subtelomeres lacking CpG islands do not overexpress TERRA in the
DKO condition. It seems that the presence of a large, high density subtelomeric

CpG island predicts that a TERRA transcript will be upregulated in DKO cells.

Without the “classical” TERRA promoters, do telomeres from 7p, 17p and XpYp
express TERRA at all? By using relative and absolute TERRA quantification
methods, we show that they do. But how do the levels of these transcripts

compare to CpG-driven TERRAs? And what drives their transcription?

Estimating the number of TERRA molecules (or that of any RNA) inside cells has
always been challenging. FISH staining shows several foci, which could be single
TERRA molecules or an aggregation of the IncRNA. If the former is correct, then
the method is biased towards the identification of the longest TERRAs, while
short ones are lost in the background. Moreover, FISH protocols require a pre-
extraction step, in which TERRA molecules that are not directly or indirectly
attached to the chromatin are lost. Northern blots are similarly biased towards
the detection of longer TERRAs, and the diversity of this IncRNA’s length makes

it challenging to calculate a copy number.

The current method of choice to calculate the abundance of any RNA is RT-qPCR.
However, we were so far only able to do this calculation in a comparative
manner: relative to another RNA (e. g. GAPDH) and/or relative to another cell
line or treatment. The reasons for that include different primer efficiencies,
software-dependent calculation of cycle threshold values and qPCR method. To
circumvent these limitations, we calculated the number of TERRA molecules
using a method similar to the one used to calculate the number of hTR molecules
(Xi and Cech, 2014). By preparing a standard qPCR curve with plasmids
containing 2p, 9p, 17p, 20q or XqYq subtelomeres, we are able to eliminate most

of the variables that prevent a reliable absolute quantification. The only variable
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still present is the reverse transcription reaction. To account for that, we reverse
transcribed 10q, 15q and 20q TERRAs containing approximately 540 bp of
telomeric repeats in the same way we would treat our samples. The qPCR curve
for absolute quantification was then prepared with the reverse-transcribed

TERRA cDNA.

Another possible weakness of both methods is the RNA isolation method itself.
We cannot guarantee that all cells were properly lysed and that no TERRA RNA
was lost during the purification process, suggesting that the number in Table 1

are underestimated.

Nonetheless, both approaches clearly state that the 20q telomere is not the only
one transcribing TERRA, contradicting recent reports (Montero et al., 2016,
2018). In fact, that is not even the most abundant TERRA species in U20S cells.
Surprisingly, in both telomerase-positive cell lines (HCT116 and HeLa), the 17p
TERRA is the most expressed one in our plasmid-based absolute quantification.
Its subtelomere is devoid of CpG islands, which were thought to be strong TERRA
promoters. Therefore, in the 17p telomere, CpG islands are not a requirement for
TERRA transcription, suggesting that CpG-negative subtelomeres can potentially
express high levels of TERRA.

Montero and colleagues also argue that most non-20q TERRA molecules are
actually WASH transcripts (Montero et al,, 2016). We showed by RT-qPCR that
these transcripts behave differently than TERRA. Unlike TERRA, WASH RNA is
not increased in DKO cells, suggesting that they do not share the same promoter
and are likely unrelated RNAs. Interestingly, the 20q TERRA is also not increased
in DKO cells, as determined by relative and absolute quantifications. This TERRA
can therefore not justify the increased TERRA levels in DKO cells, which is used
as a positive control in the same publication. For this increase to be visible in
Northern blots and RNA dot blots, many other non-20q TERRA molecules must
be overexpressed. We confirmed here that the 1q, 2p, 9p, 10q, 12q, 13q, 15q, 18q
and XqYq TERRAs behave as expected in DKO cells (Figure 5 and Figure 6).
Furthermore, the same publication showed that WASH and TERRA transcripts
have strikingly different patterns in Northern blots (Montero et al., 2016).
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We next asked which transcription factors drive TERRA transcription in CpG-
positive and negative telomeres. To answer that, the 2 kb preceding the start of
TTAGGG repeats were scanned for the presence of binding motifs for any
transcription factor. Both the current and a previous analysis (Porro et al., 2014)
failed to identify transcription factors binding exclusively to CpG-negative
chromosome ends. However, we uncovered several candidates to new TERRA
transcription factors. siRNA depletion of ZFX, EGR1, PLAG1 and ZNF148 suggests
that they have a repressor effect on TERRA transcription.

ZFX contains 13 zinc finger domains, as well as transcriptional activation and
DNA binding domains. Its transcriptional activity is required for the self-renewal
of mouse and human hematopoetic stem cells (Galan-Caridad et al., 2007; Harel
et al,, 2012). However, ZFX has not yet been linked to telomere biology. Early
growth response 1 (EGR1) is responsible the activation of genes involved in cell
growth and angiogenesis, and its expression has been shown to increase upon
hTERT overexpression (Park et al, 2016). In orthotopic xenograft models,
depletion of EGR1 has been associated with dimished tumor invasion capabilities
(Park et al.,, 2016). Conversely, other studies suggest that this protein acts as a
tumor suppressor (Krones-Herzig et al,, 2005; Mohamad et al., 2018). Although
the hTERT promoter contains a EGR1 consensus motif, there is conflicting
evidence about the effects of EGR1 in hTERT expression (Akutagawa et al., 2008;
Jacob et al., 2016). The PLAG1 zinc finger gene is consistently rearranged in
salivary gland pleomorphic adenoma, and its upregulation has been shown to
promote the development of human hepatoblastoma (Astrom et al, 1999;
Zatkova et al., 2004). Similarly to ZFX, a role for PLAG1 in telomere biology has

not yet been demonstrated.

ZNF148 involvement in TERRA transcription regulation was further confirmed
by CRISPR/Cas9-mediated deletion. This transcription factor is part of the
Kruppel family of zinc finger DNA binding proteins and can function as an
activator or repressor (Passantino et al., 1998). ZNF148, also known as ZBP-89,
is often upregulated in tumors, where it can inhibit cell growth and induce
apoptosis (Zhang et al., 2010). Decreased ZNF148 expression is also correlated

with poor prognosis in colorectal cancer (Gao et al.,, 2013). In contrast, ZNF148
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knockdown decreases TERT expression and telomerase activity, which is
accompanied by telomere shortening, as measured by qPCR (Fang et al., 2017).
No involvement of ZNF148 in TERRA expression was previously reported.
Repression of TERRA expression by ZNF148 could potentially help to hamper the

maintance of telomere length in tumors by ALT.

Since ZFX, EGR1, PLAG1 and ZNF148 are transcription factors which influence
the transcription of numerous genes, we cannot currently confirm that they act
directly in TERRA promoters to repress its expression. However, the high
number of consensus binding sites for these transcription factors in the
subtelomeric sequences suggests that this effect could be direct. ChIP-qPCR for

the endogenous protein may help us to confirm this hypothesis.

2.4 Project contributions

Marianna Feretzaki, Patricia Renck Nunes and Joachim Lingner designed the

experiments.

MF and PRN designed and validated primers for TERRA quantification by RT-
qPCR.

MF designed, performed and analyzed the siRNA screen (Figure 7); cloned
plasmids for in vitro TERRA transcription; optimized and performed the in vitro
transcription of TERRA; and implemented and executed the RT-qPCR for
absolute quantification of TERRA (Figure 6).

PRN performed the analysis of subtelomeric sequences, identification of CpG
islands and relative quantification of TERRA (Figure 5); cell culture and RNA
isolation of all cell lines used for absolute quantification of TERRA; validation of
ZNF148 antibody; design and cloning of ZNF148 and CTCF gRNAs; preparation of

figures.

Julien Delafontaine: performed the FIMO (Find Individual Motif Occurrences)

analysis.
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Chapter 3.  Role of TERRA in telomere

length and chromatin structure

3.1 Introduction

3.1.1 Telomere length dynamics

Telomere length is determined by the equilibrium between telomere shortening
and elongation. Telomere shortening is dependent on the end replication
problem and on the resection caused during the formation of the 3’ overhang
(Lingner et al, 1995; Watson, 1972). The telomere shortening rate is
approximately 100-200 bp per population doubling (PD) in human cells and
varies slightly with cell strain and length of the 3’ overhang (Huffman et al,

2000).

Experiments performed in Saccharomyces cerevisiae show that, while the
shortening rate is constant and independent of telomere length, telomere
elongation rate depends on telomere length (Marcand et al., 1999). The telomere
length reaches its equilibrium when the telomere shortening rate equals the
elongation rate (Figure 9). Marcand and colleagues showed that the telomere
elongation rate is very high when telomeres are shorter than their equilibrium,
and diminishes when telomere length exceeds this equilibrium (Marcand et al.,
1999). By having different telomere elongation rates, different cells achieve
different telomere lengths in the equilibrium state (Colgin et al.,, 2003). It is
important to notice that this was not yet clearly demonstrated in mammalian

cells.
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Telomerase activity
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Telomere length

Figure 9: Model of telomere length regulation. The telomere shortening rate is independent of telomere
length. Telomerase activity varies according to the cell and increases proportionally with telomere shortening.
Likewise, telomerase activity reduces upon telomere elongation. When the telomere shortening and elongation

rates are equal, the cell reaches the equilibrium, with stable telomere length and telomerase activity.

In telomerase-positive cells, the telomere elongation rate is dictated by
telomerase. Telomerase activity and processivity depend on a number of factors,
including, but not limited to, hTERT and hTR expression, mutations in
telomerase components, accessibility to the 3’ overhang and redox state of the
telomere (Ahmed and Lingner, 2018; Loayza and de Lange, 2003; Prescott and
Blackburn, 1997).

Telomere shortening rate is best assessed upon telomerase knockout. Inhibitors
of telomerase, such as BIBR1532 or GRN163L, can also be used. Calculating the
telomere elongation rate is slightly more challenging. Overexpression of
POT1AOB is perhaps the preferable approach, since it allows telomerase to
access the 3’ overhang without interfering with the enzyme itself. However, this
measurement is dependent on the levels of POT1AOB expression, because the
endogenous POT1 is still available. When comparing the elongation rate among
different cell lines, it is imperative that they all have the same POT1AOB protein

levels.

As aforementioned, HCT116 DKO are not a true DNMT1 KO. These cells translate
a hypomorphic DNMT1 allele into a truncated protein, which contain an intact

catalytic domain and maintains up to 50% of the WT methylation levels (Egger et
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al, 2006). However, it is a fact that they have high TERRA expression and short
telomeres. Therefore, we took this opportunity to gain some insight on why their
telomeres are so short. Here, we employ BIBR1532 treatment and POT1AOB
expression to try to understand the mechanism responsible for the short

telomeres in DKO cells.

3.1.2 CRISPR interference and gene activation

TERRA expression is complex, as it arises from several or all chromosome ends,
and has no defined transcription start and end sites. Thus, manipulating TERRA
expression has been a major challenge since the discovery of this IncRNA. TERRA
knockdown has been initially achieved with siRNAs (Deng et al.,, 2009). This
caused several defects in telomere structure and changes in telomeric chromatin.
These effects could have been caused by TERRA depletion, but also by the
presence of siRNAs, that could potentially disrupt the canonical maintenance of
the telomere. The introduction of high levels of double stranded TERRA-like
sequences could compete with endogenous TERRA and telomere binding
proteins, leading to telomere uncapping and aberrations, and making it difficult
to interpret the results. More recently, a similar phenotype was seen when
TERRA was depleted by LNA gapmers (Chu et al., 2017). However, both LNA
gapmers and siRNAs could potentially bind to the telomeric 3’ overhang and

interfere with normal telomere biology.

In 2016, Montero and colleagues tried to create a TERRA KO U20S cell line by
using CRISPR/Cas9 to delete 8 kb of the 20q subtelomere. One clone had a 4-fold
reduction in TERRA levels, while the other two clones showed only a 50%
reduction in TERRA expression. However, the Northern blot and qPCR analysis
were highly inconsistent, implying that the KO method was probably affecting
more than one subtelomere. More recently, the same approach was used to
create another five “TERRA KO” clones, which again retained 50 to 80% of
TERRA expression (Montero et al., 2018). The results of both papers need to be

interpreted cautiously, not only because a 5-fold variation in TERRA levels is
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common among WT clones, but also because we have shown that the 20q is not
the most abundant TERRA in U20S cells (Figure 6B). Additionally, the extend of
the phenotypes observed in these clones do not correlate with their TERRA
reduction. Due to the high similarity between subtelomeres, the gRNAs used for
the creation of these clones likely targeted multiple chromosome ends. Induction
of DSBs at subtelomeres could also cause sudden telomere loss and induce DDR
leading to apoptosis or senescence. One evidence that this may have happened is
the fact that the authors were unable to recover viable clones from HCT116 and
HeLa cells, and only very few U20S clones survived. It is also unknown if these
survivors did not acquire additional mutations that enabled them to cope with
the loss of subtelomeric sequences. This deletion could also have further
consequences in the telomeric structure, destroy other subtelomeric transcripts
and eliminate the binding sites for proteins involved in telomere architecture
and protection. Therefore, it remains unclear if the observed phenotypes, which
include severe telomeric anomalies, are indeed due to repressed 20q TERRA

expression.

TERRA upregulation is perhaps even more challenging. The addition of high copy
TTAGGG-containing vectors for TERRA overexpression meet the same
competition problems with the endogenous telomeric sequence as the siRNAs. So
far, the most elegant approach to increase TERRA expression are tiTELs, where a

modest 10 to 20-fold increase in TERRA is observed (Farnung et al., 2012).

In this chapter, I describe how we used gRNA-guided gene activation to
overexpress endogenous TERRA in HCT116 and HeLa cells. The Cas9 is a
nuclease part of the clustered regularly interspaced short palindromic repeats
(CRISPR) system, which functions as an adaptative immune system in
Streptococcus pyogenes and other microbes. This nuclease is guided by an RNA
(guiding RNA or gRNA) to the target locus and cleaves the dsDNA (Jinek et al,,
2012). Repair of this double stranded break by NHE] can be used to create
knockouts, while HR in the presence of an exogenous repair template creates
knockins and targeted gene modifications (Ran et al,, 2013). Due to its ease of
use, CRISPR/Cas9 rapidly became the method of choice for generation of

knockouts and knockins.
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To cleave both DNA strands, the Cas9 has two endonuclease domains, RuvC and
HNH. Mutations in important residues of these domains (D10A and H840A)
generates a catalytically inactive enzyme (dead/deactivated Cas9 or dCas9) (Qi
et al., 2013). The dCas9 can still bind to the DNA and be used as a vehicle to bring
virtually any other fused protein to a gRNA-targeted locus.

The first derivatives of the dCas9 were transcription manipulation systems. The
dCas9 itself and dCas9-KRAB (Kriippel associated box) proteins can be used to
repress gene expression (CRISPR interference or CRISPRi). The KRAB fusion
protein does not consistently induce more repression than the dCas9 alone,
suggesting that the mechanical effect (prevention of RNA polymerase binding, for
example) plays an important role. Therefore, the trick to an efficient repression
seems to be the position of the gRNA, and this varies vastly according to the
target (Gilbert et al,, 2013; Qi et al., 2013). Other tools, such as dCas9-DNMT3A
and dCas9-LSD1, are also available, but do not improve significantly the
repression effect and are mostly used for epigenetic studies (Kearns et al., 2015;

Vojta et al., 2016).

Rapidly following CRISPR interference was CRISPR activation. The dCas9 was
fused to four copies of the transcription activator VP16 (VP64) and used to
induce expression of exogenous constructs and endogenous human genes
(Gilbert et al.,, 2013; Perez-Pinera et al., 2013). Just like for the CRISPR], the
position and combination of gRNAs is crucial for a high overexpression (Maeder

etal,, 2013; Perez-Pineraetal., 2013).

After the launch of dCas9-VP64, another 8 dCas9-based activation systems were
published: dCas9-VP160, VP64-dCas9-BFP-VP64, dCas9-Tet1-CD, dCas9-p300,
dCas9-Suntag, dCas9-VP64-p65-Rta, SAM and RNA scaffold systems based on
MS2 and PP7 loops (reviewed in Chavez et al., 2016).

From all these options, the synergistic activation mediator (SAM) stands out for
its efficiency and consistency. In this system, two MS2 loops are inserted in the
gRNA sequence and can be bound by a MS2 coating protein fused to the HSF1
transactivation domain and the NF-kB transactivating subunit p65. In

combination, gRNA-MS2-p65-HSF1 and dCas9-VP64 deliver five activation
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domains to the target site and create the ideal conditions for gene expression

(Konermann et al., 2014).

Performing closely to SAM is the dCas9-Suntag. The dCas9 is fused to 10 copies of
the GCN4 peptide, which is tightly bound by a single-chain variable fragment
(scFv) fused to a VP64 (scFv-VP64) (Tanenbaum et al,, 2014). The Suntag can
theoretically deliver up to ten VP64 transcription activators and often performs

better than dCas9-VP64 alone.

Figure 10: dCas9 activation systems: VP64, Suntag and SAM. See text for more details. Figure modified from
Chavez et al, 2016.

Even with all these systems available, there is still no consensus about how to
design the gRNAs for dCas9 targeting. The current approach is based on trial and
error and the success of this method is very much target-based. While some
genes will be easily 10,000 to 100,000-fold overexpressed, others will fiercely
resist a 10 fold upregulation (Chavez et al., 2016).

Apart from gene repression and activation, dCas9 variants are being used widely
due to their versatility. Single molecule live cell imaging, ChIP-sequencing,
CRISPR-display and locus-specific proteomics are just some examples
(Schmidtmann et al., 2016; Shechner et al.,, 2015; Tanenbaum et al., 2014; Tsui et
al,, 2018).

In this chapter, we use the classical dCas9-VP64 to activate the expression of

TERRA in HCT116 and HeLa cells and assess its impact on the subtelomere and
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telomere structure. We also evaluate the telomere length dynamics in HCT116
WT and DKO cells to better understand the cause of the short telomere

phenotype in the DKO.

3.2 Results

TERRA expression and telomere length do not directly correlate

in DKO cells

In S. cerevisiae, TERRA levels increase with telomere shortening (Cusanelli et al.,
2013; Graf et al,, 2017). In telomerase-positive cells, the upregulated TERRA may
help telomere elongation by bringing telomerase to the shortest telomeres
(Cusanelli et al., 2013). Another model suggests that short telomeres fail to
degrade TERRA R-loops before the passage of the replication fork, leading to
DDR, Rad51 loading and possibly to telomere elongation via HDR (Graf et al.,
2017). In contrast, inducing TERRA expression in S. cerevisiae’s telomere 1L
leads to Exol-dependent telomere shortening in cis (Pfeiffer and Lingner, 2012).
These observations could not yet be translated to human cells. Therefore, to
understand if there would be a direct correlation between TERRA expression
and telomere length in human cells, we studied both aspects in HCT116 DKO

cells.

In chapter 2, we showed for the first time that some TERRA molecules are
expressed at similar levels in WT and DKO cells (Figure 5). Since TERRA may
regulate telomere length, we asked whether telomeres without TERRA
overexpression also show the short telomere phenotype in the DKO. To measure
the length of individual telomeres, we used the Single TElomere Length Analysis
(STELA). STELA was originally developed by Duncan Baird and consists of a
long-range small pool PCR with forward primers specific to the telomere of
interest (Baird et al., 2003). The genomic DNA is digested with EcoRI, followed
by overnight ligation with telorette 3 adaptor. The small pool PCR is performed

with a primer complementary to the adaptor (TelTail primer) and a subtelomeric
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specific primer. We validated specific primers for 9p, 10q, 17p and 20q STELAs.
The primer designed for 10q STELA may amplify 13q products in 12.5% of the
cases, as measured by sequencing of short STELA products (data not shown).
The primer for 17p STELA is able to bind the 7p subtelomere, but PCR
amplification is not possible due the position of the EcoRI site in this
subtelomere. The primer used for 15q STELA was previously described (Farnung

etal, 2012).

Subtelomere
l Anneal and ligate
telorette

Telorette

Subtelomeric

l PCR amplification
primer

I
h
TelTail primer

|

Detect amplicons
by Southern blot

Figure 11: Schematic representation of STELA. A primer complementary to the 3’ overhang is ligated to the
C-rich telomeric strand. The telorette contains a unique sequence in its 5’ end, which is then recognized by a
reverse primer in the PCR reaction (TelTail). The forward primer binds to the subtelomere sequence and allows
for the amplification of a specific telomere. Amplified telomeres are detected by Southern blot with a telomeric

probe.
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Figure 12: TERRA expression and telomere length do not correlate in HCT116 DKO cells. 9p (A), 20q (B),
15q (C) and 17p (D) TERRA expression was measured by RT-qPCR in HCT116 WT and DKO cells. TERRA levels
were normalized to GAPDH. N=3. STELA was performed to measure telomere length of 9p, 20q (E), 15q (F) and
17p (G) telomeres. Each lane corresponds to an independent small pool PCR reaction done with genomic DNA
of the indicated cell line. Negative controls were done without telorette ligation (lanes marked with an
asterisk). (H) Scattered plot (geometric mean + 95% confidence interval) representing the same results as in E,

F and G. Each band is represented by one dot. **p<0.01.
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To verify if there is any correlation between TERRA expression and telomere
length, we compared the telomere length of two telomeres overexpressing
TERRA (9p and 15q) to the length of those with TERRA expression similar to the
WT (20q and 17p). Independently of their level of TERRA expression (Figure
12A-D), 9p, 15q, 17p and 20q telomeres were significantly shorter in DKO cells
compared to WT cells (Figure 12E-H). This suggests that, if TERRA is responsible

for the short telomere phenotype, this effect is not performed exclusively in cis.

Telomere length dynamics are changed in DKO cells

The telomere length is defined by the equilibrium between telomere elongation
and telomere shortening. As HCT116 WT and DKO cells have different telomere
lengths, they necessarily have distinctive telomere elongation or shortening

rates.

To test whether the telomere shortening is increased in DKO cells, we treated
WT and DKO cells with 20 uM of the non-competitive telomerase inhibitor
BIBR1532 (Pascolo et al,, 2002). Since the 15q TERRA is upregulated in DKO cells
and 20q is not, we measured the length of these telomeres by STELA. After 46 or
49 population doublings in the presence of BIBR1532, WT cells showed a
shortening rate of 24 and 18 bp per population doubling (bp/PD) for the 15q and
20q telomeres, respectively, while DKO cells shortened the same telomeres at
rates of 19 and 23 bp/PD (Figure 13). TERRA expression was not changed by
BIBR1532 treatment (Figure 14), as previously described (Farnung et al., 2012).

Due to the lack of difference in the shortening rates of the two cell lines, we
tested if the telomere elongation rate was decreased in DKO cells. For that, we
transduced both cell lines with retroviruses expressing a POT1 mutant lacking its
OB fold (POT1AOB) ( Figure 15A). This mutant is no longer able to sequester the
telomeric ssDNA either directly or through T-loop formation (Loayza and de
Lange, 2003). The ssDNA then becomes more accessible to telomerase and we

can measure the elongation rate by telomerase.
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Figure 13: WT and DKO cells show similar rates of telomere shortening. 15q (A) and 20q (B) STELAs
were performed with genomic DNA of WT or DKO cells grown for up to 49 population doublings in the presence
of BIBR1532. Average telomere length from 4 independent PCR reactions are indicated. The average length of
DKO PD30 is not calculated due to insufficient number of bands. The same data is plotted in (C) and (D)
(geometric mean * 95% confidence interval). 15q (E) and 20q (F) telomere shortening rates expressed as

average telomere length after 46 and 49 PDs in the presence of BIBR1532.
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Figure 14: TERRA levels remain stable during BIBR1532 treatment. HCT116 WT (A) and DKO cells (B)
were treated for up to 49 population doublings with BIBR1532 or DMSO. Graphs show only BIBR1532-treated
samples. The fold change was calculated relative to the TERRA expression in DMSO-treated samples. TERRA

levels before the treatment (“Time zero”) were adjusted to 1. Two technical replicates are shown.

Since the difference in the initial telomere length between WT and DKO cells is
substantial, we included WT cells that were treated with BIBR1532 for about 70
population doublings until reaching a telomere length similar to that of DKO cells
(WTBIBR), In three independent experiments, DKO cells presented consistently

lower telomere elongation rates (Figure 15).

Taken together, our results suggest that a decreased telomere elongation rate,
rather than an increased shortening, is the reason behind the short telomeres

phenotype in DKO cells.
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Figure 15: Telomere elongation rate is decreased in DKO cells. HCT116 WT, DKO or WT treated for about
70 PD with BIBR1532 (WTBIBR) were transduced with retroviruses expressing POT1AOB. (A) Levels of myc-
POT1AOB expression in the different cell lines in 3 biological replicates. (B) Representative TRF (replicate 1).
The average telomere length in each lane was calculates with Prism 8. (C) Telomere elongation speed in bp/PD

from PD 0 to PD 17, 16 or 18 for WT, WTBBR and DKO, respectively, in three replicates.

DKO cells fail to downregulate TERRA in S-phase

TERRA transcripts are detected throughout the cell cycle, but reach minimum
levels in the transition between S-phase and G2. Since TERRA has been shown to
inhibit telomerase activity in vitro, it is hypothesized that this downregulation is
important to release telomerase, allowing the extension of telomeres (Porro et
al., 2010; Redon et al., 2010). We therefore tested if DKO cells are able to reduce
TERRA levels in S-phase.

WT and DKO cells were treated with Hoechst 33342 for 30 minutes and sorted
by FACS according to their DNA content into G1, S and G2 phase (Figure 16A).
Since the DNA content of late S-phase and G2 cells is very similar, part of cells

present in our G2 fraction might in fact be in the end of S-phase.

Immediately after the sorting, total RNA was isolated and TERRA levels were

measured by RT-qPCR. HeLa cells were included as a control, since the cell cycle
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regulation of TERRA in these cells was already described (Flynn et al., 2015;
Porro et al.,, 2010). As expected, TERRA levels were decreased during S-phase in
HeLa and HCT116 WT cells (Figure 16B-C). We did not detect an increase in
TERRA in the G2 fraction, possibly due to contamination with late S-phase cells.
DKO cells showed no decrease in the expression of the transcripts tested,
perhaps with exception of the XqYq (Figure 16D). The downregulation of TERRA,
or the lack thereof, was detected independently of the presence of a CpG island
promoter, indicating that methylation is unlikely to play a role in this process.
Further experiments are needed to assign this downregulation failure to

increased transcription or to decreased degradation of TERRA.
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Figure 16: DKO cells fail to downregulate TERRA in S-phase. (A) Example of cell sorting profile of cells
stained with Hoechst 33342. G1, S and G2 phases were gated as shown. TERRA expression in the different cell
cycle phases in HeLa (B), HCT116 WT (C) and DKO cells (D) was calculated by RT-qPCR. Two technical

replicates are shown.
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TERRA levels are not increased in DNMT3B KO cells

The correlation between telomere length and TERRA expression is not only seen
in DKO cells, but also in those of patients suffering from ICF syndrome type L.
Although most patients present mutations in the DNMT3b gene, Nergadze and
colleagues were unable to see any increase in TERRA levels in a DNMT3B KO
clone using Northern blots (Nergadze et al., 2009). Our laboratory could also not
detect an increase in TERRA by RT-qPCR in this particular clone (Grolimund,
2013). Additionally, this clone has much longer telomeres than the parental cell
line (Grolimund, 2013), which could increase heterochromatin formation at the
subtelomeres and reduce TERRA expression (Arnoult et al, 2012). Thus, we
sought to verify the effect of DNMT3B KO on TERRA expression by creating new
KO clones using CRISPR/Cas9.

Our CRISPR approach was to target two pairs of gRNAs to exon 3 of the DNMT3B
gene, downstream of the start codon of the main isoforms for the enzyme. The
knockouts were screened by PCR and Western blotting, followed by sequencing.
A single nucleotide mutation in the position 18,970 (from the TSS) allowed us to
distinguish between the two alleles. We were able to generate five DNMT3B KO
clones with different telomere lengths (Figure 17). In all clones, the repair of the
damage caused by the Cas9 generated frameshifts and premature stop codons

(Table 4).

Table 4: Mutations in DNMT3B gene of KO clones. The position of the mutation counting from the transcription

start site is indicated within parenthesis.

Clone | Allele 1 Allele 2
9 41 nt deletion (18,650) 41 nt deletion (18,650)
21 1 nt deletion (18,650) 1 SNP, 23 nt deletion (18,617; 18,662)
22 41 nt deletion (18,610) 41 nt deletion (18,610)

82 nt deletion, 4 nt insertion, 8 nt deletion
(18,664; 18,622: 18,541)

40 | 34 ntdeletion (18,623) 34 nt deletion (18,623)

25 34 nt deletion (18,654)

58



We then measured TERRA expression in the new DNMT3B KO clones by RT-
gPCR (Figure 18). As seen in the original DNMT3B KO clone, TERRA levels were
only slightly changed and did not reflect the increase seen in ICF1-derived cells
(Toubiana et al., 2018). As these clones present very varied telomere length, we

do not believe that telomere length affects this observation.

We also used CRISPR/Cas9 to try to create new DKO clones. For that, DNMT3B
KO clones were transfected with different gRNAs against DNMT1. After seeding
more than 4,000 clones and screening hundreds of survivals, we were unable to
find viable DKO clones, confirming that DNMT1 deletion is lethal in human cells
(Liao et al., 2015). However, we tried to simulate the DKO situation by knocking
down DNMT1 using siRNAs. DNMT1 KD in both WT and DNMT3B KO clone 25
failed to increase TERRA expression (Figure 18B). Therefore, the reason behind

the high TERRA expression in the HCT116 DKO cells remains to be determined.

i) i)
= =
A B Q WT clones DNMT3B KO clones §
=S - anm<v o N N8 =
: B
Q =
é E
S DNMT3B KO Clones :
= o
§ E o ~ « & Sr 5 23.1- e -23.1
100 { e s |DNMT38  94- 94
40 _ _
354 S e L s s [hnRNPAT 66 .. 66
43- W - -4.3
3.0- Q -3.0
23- 4 e -23
20- % -2.0

Telomere e e oo
length(kb)) & m © S ¢ m © © o
- - & = =]

Figure 17: Generation of HCT116 DNMT3B KO cells. HCT116 cells were transfected with pairs of gRNAs
against DNMT3B. Single cell clones were expanded and screened by Western blot (A). KO clones were
confirmed by sequencing. (B) Telomere length of four random WT clones and five DNMT3B KO clones. Average

telomere length is indicated below each lane.
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Figure 18: DNMT3B KO does not increase TERRA expression. (A) Expression of different TERRA species in
DNMT3B KO clones and DNMT1 KO* (DNMT1 Aexons3-5/Aexons3-5). Expression in HCT116 WT population
was adjusted to 1. Three technical replicates are shown. (B) TERRA expression in DNMT3B KO 25 upon
depletion of DNMT1 for 3 days using varying amounts of siRNA. *p< 0.01, n = 3.

Tentative downregulation of TERRA using CRISPR interference

TERRA has been shown to inhibit telomerase expression in vitro (Redon et al.,
2010; Schoeftner and Blasco, 2008) and to cause telomere shortening in
Saccharomyces cerevisiae (Luke et al, 2008; Pfeiffer and Lingner, 2012). We
therefore hypothesized that the high TERRA levels in HCT116 DKO and ICF1 cells
could cause the short telomeres seen in these cells, either by inhibiting

telomerase or by stimulating end resection.
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To determine if TERRA contributes to telomere length regulation, we tried to
decrease TERRA expression using CRISPR interference and measure the
evolution of the telomere length (Figure 19A). We prepared lentiviruses

expressing dCas9-BFP and transduced them into HeLa cells.
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Figure 19: CRISPR interference with dCas9 does not decrease TERRA levels. (A) Schematic representation
of CRISPR interference (CRISPRI) system, in which the dCas9 alone is used to decrease gene expression. gRNAs
targeted to the subtelomeres were used to try to repress TERRA transcription. (B) The BFP fused to dCas9 was
used to sort the 10% brightest cells (1st sort). Sorted cells were expanded and sorted again for the 10%
brightest (2nd sort). (C) A gRNA against the CXCR4 gene was used to test the efficiency of the CRISPRi system in
the double sorted cells (Gilbert et al, 2013). The position of the gRNA is represented below. CXCR4 mRNA levels
were measured by RT-qPCR. p<0.001. (D) A representative experiment of many trials performed to

downregulate TERRA expression, measured by RT-qPCR. Two technical replicates are shown.
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The cells were sorted twice for the 10% brightest BFP-expressing cells (Figure
19B). To characterize the cell line, we transfected the cells with a gRNA
previously shown to downregulate the CXCR4 gene (Gilbert et al., 2013). This
gRNA caused 80% downregulation of the CXCR4 mRNA (Figure 19C). We tried to
downregulate TERRA using multiple gRNAs alone or in combination. However,
we could never detect a significant decrease in TERRA expression as measured

by RT-qPCR. An example is shown in figure 19D.

Since TERRA expression is already very low and sometimes poses a challenge to
detection by RT-qPCR, we decided to repeat the experiments in HCT116 WT and
DKO cells. This time, we used dCas9 fused to the transcription repressor KRAB
(Kriippel associated box) domain (Gilbert et al, 2014) (Figure 20A). The
expression levels of KRAB-dCas9 were higher than that of dCas9-BFP in HeLa
cells (Figure 20B), but they failed to translate into a more efficient
downregulation of our control gene (Figure 20C). In DKO cells, we were not able
to achieve more than 60% reduction of CXCR4. Nevertheless, we still tried to
downregulate TERRA by using gRNAs targeting the subtelomeric CpG islands
(gRNAs number 3, 8, 9, 46, 47, 50-52), to the RNA polymerase II binding site (49)
or to CTCF binding sites (53-54). Even using a combination of multiple gRNAs, no
decrease in TERRA levels was observed (Figure 20D). It is known that the KRAB
domain represses gene transcription by inducing DNA methylation via DNMTs
and other methyltransferases (Oleksiewicz et al., 2017a; Wiznerowicz et al,,
2007). Therefore, the lack of DNMT3B in DKO cells could partially explain why

the CRISPR interference was unsuccessful in these cells.
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Figure 20: KRAB-dCas9 does not decrease TERRA levels in HCT116 DKO cells. (A) Schematic
representation of the KRAB-dCas9 CRISPRi system, where gRNAs were used to bring the KRAB-dCas9 to the
subtelomeres in order to repress TERRA transcription. (B) Western blot showing the expression level of KRAB-
dCas9 in comparison with dCas9-BFP. (C) RT-qPCR for the CXCR4 control gene. Expression in control samples
(gRNA AAVS1) was adjusted to 1. N = 2, * p<0.05. (D) Representative experiment in which combinations of
gRNAs were transfected in DKO cells expressing KRAB-dCas9. TERRA levels were measured by RT-qPCR. Two

technical replicates are shown.

TERRA upregulation using CRISPR-based gene activation

Following the unsuccessful trials of TERRA downregulation, we set out to
perform the opposite experiment: overexpress TERRA and monitor possible
telomere shortening. To achieve TERRA upregulation, we produced lentiviruses
expressing dCas9 fused to four copies of the transcription activator VP16 (dCas9-
VP64) as previously described (Perez-Pinera et al, 2013) (Figure 21A). After
blasticidin selection, the expression of the construct was stronger than that of

KRAB-dCas9 in HCT116 cells (Figure 21B).

To test the functionality of the system, we transfected the cells with three gRNAs
against the promoter of the ILIRN gene (Perez-Pinera et al., 2013) (Figure 21C).
Concomitant expression of the gRNAs led to a 400-fold increase in the mRNA
levels of the target gene (Figure 21D). We transiently transfected different
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gRNAs against subtelomeric sequences and measured TERRA expression by RT-
gPCR. Three gRNAs targeted to the subtelomeric CpG islands triggered 5 to 10-
fold upregulation of 10q and 13q TERRAs (Figure 21E). We tried to achieve
higher levels of TERRA activation using the dCas9-Suntag, but it did not perform
better than the dCas9-VP64 in our hands (Figure 22).
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Figure 21: RNA-guided CRISPR activation leads to 10-fold increase in 10q and 13q TERRAs. (A)
Schematics of the CRISPR activation system. gRNAs target the dCas9-VP64 protein to the locus of interest, such
as the subtelomeric CpG islands, where it induces the expression of the downstream gene if correctly positioned.
(B) Expression of dCas9-VP64 in HCT116 cells in comparison with KRAB-dCas9 expression. (C) Illustration of
the position of three gRNAs targeted against the ILIRN gene promoter (Perez-Pinera et al, 2013), which were
used in combination in (D) to induce IL1RN mRNA expression. (E) Transient transfection of gRNAs 3, 8 or 9 in
HCT116 dCas9-VP64 cells, leading to increased expression of 10q and 13q TERRAs. N = 3, * p<0.05.
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Figure 22: dCas9-Suntag activation system does not lead to higher TERRA induction than dCas9-VP64.
(A) Lentiviruses expressing dCas9-10x-GCN4 and scFV-sfGFP-VP64 were transduced in HCT116 cells.
Expression of both constructs was detected by Western blot with anti-(d)Cas9 and anti-GFP antibodies. (B) RT-
qPCR measurement of TERRA expression after transient transfection of a control gRNA (AAVS1) or gRNAs
against TERRA promoters (3 and 8). Control TERRA levels were normalized to 1. N = 3, * p < 0.05, ** p<0.01.

The correct position of the VP64 in the regulatory regions of the gene of interest
is crucial for its gene activation performance (Maeder et al., 2013; Perez-Pinera
et al.,, 2013). Therefore, although these gRNAs bind to a number of subtelomeres
(Table 5), we were only able to detect changes in the 10q and 13q TERRAs. In
addition, the chromatin needs to be sufficiently accessible to the gRNAs and to

the dCas9 (Chen etal,, 2017).
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Table 5: Number of binding sites of gRNAs 3, 8 and 9

Chromosome end gRNA3 gRNA8 gRNA9
1q 2 3 3
2p 10
2q 7 8 8
3p 4 4
4q 7 8 8
5p 17 17
6q 14 15 15
9p 2 2
10q 2 3 3
11q 13 13
12p 7 7
13q 5 5 5
14q 2
15q 2 2
16p 1 1
19p 1 1
19q 10 1
21q 15 14 14
22q 2 2 2

XqYq 9 7
Total 9 18 19

Long-term TERRA upregulation does not cause telomere

shortening in cis

After determining the best gRNAs to upregulate 10q/13q TERRA, we created a
stable cell line overexpressing these specific TERRA molecules to evaluate the
effect on telomere length. We produced lentiviruses expressing the gRNAs of
interest and transduced gRNAs 3 and 8 (targeting TERRA promoters) or a gRNA
targeting the AAVS1 locus in HCT116 cells already expressing dCas9-VP64. The
possible binding sites for gRNA 3 and 8 are shown in figure 23. gRNA 9 was not
used because it is complementary to gRNA 8 and this could interfere with their

performances.
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Figure 23: Illustration of the possible binding sites for gRNAs 3 and 8 in the human genome. The actual
binding does not depend only on the presence of the target sequence, but also of other factors, such as its
accessibility, presence of other proteins, chromatin state, and nearby binding of other dCas9-gRNA complexes.

These numbers are likely an overestimation of the real binding events.



We next performed TERRA-FISH and TRF1-IF to confirm that the overexpressed
TERRA is also localizing to telomeres. As shown in Figure 24A, HCT116 WT cells
present fewer foci than HeLa cells, with the vast majority of the cells devoid of
any distinguishable TERRA focus. In dCas9-VP64 HCT116 cells expressing the
control gRNA, only 8 TERRA foci were identified, while 43 foci were counted in
160 cells expressing gRNAs to overexpress TERRA (Figure 24B-C). Besides
having more TERRA foci, these also localized more frequently to telomeres in

cells expressing gRNAs 3 and 8 (Figure 24D).

In the weeks immediately following the transduction of gRNA lentiviruses,
TERRA increase was similar to those obtained by transient transfection of
gRNAs. However, after several weeks, the overexpression was enhanced,
reaching almost 100-fold of the original values in week 13 (Figure 25A).
Northern blot analysis revealed a 2-fold increase in total TERRA, which is
expected since the expression of only 10q and 13q TERRAs was affected (Figure
25B).

To verify if 100-fold 10q/13q TERRA expression could cause telomere
shortening in cis, we developed 10q STELA. After 24 weeks, we detected small
changes in telomere length in both cell lines. The average length of 10q
telomeres fluctuated between 4.5 and 3 kb during the course of the experiment.
The reduced telomere length seen in the control at 24 weeks, was also likely
recovered in the following week, but we have not followed these cell lines
further. Similarly, we did not detect significant changes in the 10q telomeres
when 10q/13q TERRAs were overexpressed (Figure 25C-D). Thus, this level of

TERRA overexpression does not cause telomere shortening in cis.
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Figure 24: Overexpressed TERRA co-localizes with TRF1. (A) TERRA-FISH of HeLa, HCT116 WT and DKO
cells. (B) TERRA-FISH and TRF1-IF on HCT116 dCas9-VP64 cells expressing gRNA AAVS1 (control) or 3 and 8
(TERRA overexpression). Arrows indicate co-localization events. (C) Distribution of number of TERRA foci per
cell. 160 cells were counted per condition. (D) Quantification of co-localization events between TERRA and

TRF1.
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Figure 25: 10q TERRA overexpression does not cause telomere shortening in cis. (A) HCT116 dCas9-
VP64 cells expressing gRNA AAVS1 (control) or gRNAs 3 and 8 (TERRA overexpression) were followed for up to
24 weeks. TERRA levels were measured by RT-qPCR. (B) Northern blot analysis of whole TERRA expression.
Actin mRNA was used as loading control. (C) 10q STELA of cells expressing gRNA AAVS1 or gRNAs 3 and 8 for
16 and 24 weeks. Each lane represents one independent small pool PCR reaction. The average molecular
weight of the bands from each condition is indicated below the gel. (D) Scattered plot (geometric mean + 95%

confidence interval) representing the same results as in C. Each band is represented by one dot.
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Changes in telomeric and subtelomeric chromatin caused by

TERRA

TERRA was shown to contribute to the establishment of telomeric
heterochromatin. A direct interaction between TERRA and SUV39H1 has been
shown and proposed to be responsible for H3K9me3 deposition at uncapped
telomeres (Porro et al.,, 2014). Likewise, clones showing reduced TERRA levels
tend to have less H3K9me3, H4K20me3, H3K4me3 and H3K27me3 at their
telomeres (Montero et al.,, 2018). Since we induce 100-fold overexpression of
10q/13q TERRAs, we questioned if any changes in telomeric or subtelomeric

chromatin could be detected.

To test that, we measured the levels of H3K9me3, HP1 gamma, H4K20me3 and
H4K16ac at the telomeres of dCas9-VP64 HCT116 cells. TERRA overexpression
did not modify telomeric and subtelomeric chromatin as measured by ChIP
followed by dot blot and qPCR (Figure 26). ChIP-qPCR in HCT116 cells can be
challenging, as seen by the huge variation in our results. Therefore, we decided

to establish the TERRA activation system in HeLa cells.

dCas9-VP64 and gRNA stable expression in HeLa cells was achieved using the
same lentiviruses employed to create the HCT116 cell lines (Figure 27A). Three
weeks after gRNA insertion, we could already detect a significant increase in 10q
and 13q TERRAs expression (Figure 27B). Surprisingly, moderate to low
increases in 1q, 15q and Xq were also detected. gRNA 3 and 8 expression for 4 to
5 weeks led to an increase in the heterochromatin H3K9me3 and H4K20me3
marks at telomeres (Figure 27C-D). CTCF and HP1 gamma signals also increased,
but similar changes were seen in the Alu DNA, suggesting that this is not a

telomere specific phenotype (Figure 27E).
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Figure 26: Overexpression of 10q/13q TERRA does not change telomeric and subtelomeric chromatin
structure in HCT116 cells. (A) ChIP-dot blot of HCT116 dCas9-VP64 cells expressing gRNA AAVS1 (control) or
3 and 8 (TERRA overexpression) for 20 to 24 weeks. Telomeric and Alu DNA signals are plotted on the right
hand-side. N = 3, except for H4K16ac ChIP, where n = 2. (B) ChIP-qPCR of the same cell lines using primers for
10q and XqYq subtelomeres as described in Materials and Methods. N = 3, except for H4K20me3 ChIP, where n

=1
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ChIP-gPCR also showed higher levels of heterochromatin, namely H4K20me3 at
subtelomeres (Figure 28A). The H4K20me3 deposition seems to happen
exclusively in cis, since we detected it in 10q and Xq subtelomeres, but not in the
20q. This effect is unlikely to be caused by the binding of the dCas9-VP64 to the
subtelomeres, since one would rather expect that the transcription activator
would increase euchromatin marks, such as H4K16ac deposition. Similarly,
telomere length also remained stable (Figure 28B), therefore changes in

telomere length could not account for subtelomeric chromatin changes.
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Figure 27: TERRA overexpression causes heterochromatin formation in HeLa cells. (A) Lentiviruses for
expression of dCas9-VP64, and gRNAs AAVS1, 3 and 8 were transduced in HeLa cells. dCas9-VP64 expression
levels were verified by Western blot. (B) TERRA expression on HeLa dCas9-VP64 cells after 3 weeks of gRNA
expression. TERRA levels of cells collected immediately before transduction of gRNAs (“Time zero”) were
adjusted to 1.Two technical replicates are shown. (C) ChIP-dot blot of HeLa dCas9-VP64 cells expressing gRNA
AAVS1 (control) or 3 and 8 (TERRA overexpression) for 4 to 5 weeks. Telomeric (D) and Alu (E) DNA signals
are plotted on the right hand-side. * p<0.05, ** p<0.01, *** p<0.001, n = 2.
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Figure 28: TERRA changes subtelomeric chromatin in cis in HeLa cells. (A) ChIP-qPCR of HeLa dCas9-
VP64 cells expressing gRNA AAVS1 (control) or 3 and 8 (TERRA overexpression) for 4 to 5 weeks. * p<0.05, n =

3. (B) TRF of HeLa dCas9-VP64 expressing the indicated gRNAs for 5 weeks. Average telomere lengths are
indicated below the gel.
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3.3 Discussion and perspectives

Several reports support that TERRA expression and telomere length are
connected. However, the nature of this relationship is complex, depends on the
organism, the method used to manipulate TERRA expression and whether

telomeres are maintained by telomerase or ALT.

Here we show that telomeres from HCT116 DKO cells are shorter independently
of TERRA expression at individual telomeres. To demonstrate that, we developed
STELA for the 9p, 15q, 17p and 20q telomeres, and compared their telomere
length to their TERRA expression, as measured by RT-qPCR. Even without
TERRA overexpression, the 17p and 20q telomeres present the same reduction
in telomere length (about 30 to 40%) as their highly expressed counterparts
(Figure 12). This suggests that, if TERRA regulates telomere length, it does not do
so exclusively in cis. As 5’-UUAGGG-3’ repeats inhibit telomerase in vitro (Redon
et al, 2010), it is plausible that the overall levels of TERRA influence telomere

length in trans.

We also showed that HCT116 DKO cells have difficulties to elongate their
telomeres. Upon overexpression of POT1AOB, one would expect a cell line with
such short telomeres to rapidly re-elongate their telomeres. However, the DKO
showed a lower elongation rate when compared to WT cells. In contrast to our
findings, a previous study suggested that telomerase can efficiently elongate
highly transcribed telomeres (Farnung et al, 2012). In this publication,
overexpressed hTERT elongated both WT and DKO telomeres at about 200
bp/PD. Furthermore, a TRAP assay revealed no differences in telomerase
performance when extracts from DKO cells were used. These results need to be
interpreted carefully, since measuring telomere elongation in vitro or upon
hTERT overexpression may not reflect the in vivo situation. In fact, upon
POT1AOB overexpression, which does not interfere with TERRA or telomerase

levels, DKO cells do present lower elongation rates (Figure 15).

Additionally, DKO telomeres do not erode faster than WT telomeres. Both cell

lines showed a telomere shortening rate of about 20 bp/PD in the presence of 20
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uM of BIBR1532. This rate is consistent with published shortening rates for
HCT116 cells treated similarly (Farnung et al., 2012). A faster shortening could
probably be achieved with higher telomerase inhibition, but higher
concentrations of BIBR1532 caused cell cycle arrest and cell death in our hands.
Combining the experiments performed to determine telomere elongation and
shortening, we conclude that the reduced elongation rate is likely the cause of

the short telomere length in DKO cells (Figure 29).
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Figure 29: Proposed telomere length dynamics in HCT116 WT and DKO cells. While the BIBR1532
experiments showed that both cell lines have the same telomere shortening rate, the elongation rate, reflected
by telomerase activity, is consistently lower in DKO cells. Due to this shift in equilibrium, telomeres from DKO

cells achieve stability at a lower length.

One of the possible causes for the decreased telomere elongation rate in DKO
cells could be sustained TERRA levels in S-phase. Since TERRA inhibits
telomerase in vitro (Redon et al, 2010; Schoeftner and Blasco, 2008), we
hypothesize that failure to downregulate TERRA in S-phase could maintain
telomerase inhibiton and hamper the extension of short telomeres. Sagie and
colleagues showed earlier that ICF1 lymphoblastoid cells fail to downregulate
TERRA in S-phase, and maintain telomeric R-loops throughout the cell cycle
(Sagie et al., 2017). However, they could also not detect cell cycle regulation of
TERRA in WT lymphoblastoid cells, raising the possibility that this is a cell-

specific phenotype, rather than an observation relevant to the disease. Since they

76



show that ICF1 cells have have 2 to 3-fold more TERRA:DNA hybrids than WT
cells at some telomeres, the authors speculate that the excessive hybrids could
contribute to the short telomeres in the syndrome. We were able to detect clear
differences in the cell cycle regulation of TERRA between HCT116 WT and DKO
(Figure 16), but we currently do not know if that triggers the different telomere

elongation rates and if R-loops are concomitantly increased.

Since DKO cells do not reduce TERRA levels in S-phase, we suspected that this
reduction is dependent on DNA methyltransferases. Indeed, DNA methylation of
subtelomeric CpG islands was responsible for the cell cycle regulation of TERRA,
then we should see sustained TERRA levels in DKO cells in S-phase. However,
this hypothesis would entail that transcription of CpG-negative chromosome
ends, such as 7p, 20q and XpYp, would remain stable in WT cells during S-phase,
which is not the case (Figure 16). Since reduction in DNA methylation can have
genome-wide effects, it is also possible that the pathways responsible for TERRA
transcription or degradation are disturbed by DNMT3B deletion. The pathway

responsible for TERRA degradation is still poorly understood.

Even though ICF1 and DKO cells have in common short telomeres and high
TERRA expression, it is difficult to directly link these phenotypes. The DKO cells
could have been extremely valuable to help understaning the disease, but this
cell line does not correctly reflect ICF1 cells because (1) it required an additional
mutation in DNMT1 to show increased TERRA expression, and (2) it is a single
clone, which could have had very short telomeres even before TERRA expression
increased. In an attempt to clarify this relationship, we created five new DNMT3B
KO clones using CRISPR/Cas9. The clones, however, displayed the same variation
of telomere length and TERRA expression which would be expected in WT cells.
This, combined with failure of ectopically expressed DNMT3B to rescue
subtelomeric methylation in ICF cells (Yehezkel et al.,, 2013), suggests that the
subtelomeric methylation pattern created by DNMT3B might be established
exclusively during embryonic development, and can no longer be modified in
somatic cells. Another major difference between ICF and DKO cells is the context
in which subtelomeric hypomethylation occurs. ICF cells fail to undergo

methylation during embryonic development and therefore mutations in the
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DNMT3B de novo methyltransferase is sufficient to cause the phenotype. In
contrast, HCT116 DKO are derived from a somatic cell line, HCT116 WT, which
was already highly methylated in TERRA promoters. Since DNMT3B is not
involved in methylation maintenance, it is expected that its KO does not cause
major changes in methylation patterns, which would require additional

disruption of DNMT1 (Liao et al., 2015).

Unfortunately, creation of additional DKO clones is impossible due to the
lethality of DNMT1 knockout. Even though CRISPR/Cas9 permits us to generate
the same DNMT1 Aexons3-5/Aexons3-5 mutation present in the DKO clone used
here, this does not lead us to any definitive conclusions. If the new clones do not
behave like the original DKO clone, then it is clear that this observation was just a
clonal variation. If they do, then the telomere shortening might still be an indirect
effect of reduced methylation levels. In both cases, we do not learn more about

TERRA’s role in telomere length.

To try to simulate the DKO situation, we knocked down DNMT1 in a DNMT3B KO
clone using siRNAs. Even though the DNMTI mRNA was significantly reduced, no
changes in TERRA levels were observed (Figure 18B). It is possible that the
residual expression and activity of DNMT1 was enough to maintain methylation

of subtelomeric promoters and hamper TERRA overexpression.

A more direct experiment to determine if TERRA causes the short telomere
phenotype in DKO cells is to downregulate TERRA and observe if telomeres
elongate. Long term downregulation of TERRA by conventional methods, such as
siRNAs, shRNAs of LNA gapmers, is unfeasible due to sequence similarities with
the telomeric tract. Therefore, we tried to use CRISPRi, with constant expression
of dCas9 or KRAB-dCas9 and gRNAs. More than a hundred combinations of
gRNAs were tested, but none led to a significant reduction in TERRA levels. In
HeLa and HCT116 WT cells, this could have happened due to their already low
TERRA levels or simply because the gRNA was not perfectly positioned, making
the gRNA-dCas9 complex innocuous or allowing it to be removed during
transcription. DKO cells, although transcribing TERRA ferociously, failed to

properly downregulate the control gene. Therefore, we could also not induce
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TERRA downregulation in DKO cells using this system (Figure 20). Perhaps the
absence of DNMT3B, which deposits the de novo methylation and assists KRAB-
mediated gene repression (Oleksiewicz et al., 2017b), is one of the reasons for
this negative result. The elevated transcriptional activity at subtelomeres can
also influence positively or negatively the performance of the dCas9. On one
hand, the open chromatin configuration may facilitate the gRNA and dCas9
binding. On the other hand, if these loci are permanently swept by the
transcription machinery and transcription factors, these may outcompete or

remove the CRISPRi complexes.

When TERRA downregulation failed, we exploited the opposite approach:
increasing TERRA transcription in HCT116 WT cells to verify if telomeres
become shorter. To do so, we tested both the classical dCas9-VP64 and the
dCas9-Suntag system. After testing once again several combinations of gRNA, we
found gRNAs 3, 8 and 9 to induce the highest levels of TERRA overexpression.
Surprisingly, the dCas9-VP64 slightly outperformed the Suntag system, reaching
up to 10-fold upregulation of 10q and 13q TERRAs when the gRNA was
transiently delivered (Figure 21 and 22).

To better evaluate the long-term effects of TERRA upregulation, both dCas9-
VP64 and gRNAs 3 and 8 were integrated in the genome of HCT116 cells using
lentivurses. The initial TERRA upregulation was very similar to that seen in the
transient transfections. However, the upregulation tended to increase with time,
stabilizing between 70 and 100-fold after 13 weeks. One possible explanation for
this observation could be a local chromatin remodelling caused by the constant

presence of the dCas9-VP64 in the subtelomere loci.

Even with such levels of TERRA overexpression, no changes in telomere length
were detected after 24 weeks (Figure 25). Previously, a 10 to 20-fold increase in
expression of an artificial inducible telomere (tiTEL) also did not lead to
telomere shortening in cis (Farnung et al., 2012). If TERRA would cause telomere
shortening by inhibiting telomerase, perhaps the levels of TERRA attained with
these experiments were not sufficient. Northern blot analysis of HCT116 DKO

and ICF1 cells reveal that they have at least 50 to 100-fold more TERRA than
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control cells (Nergadze et al.,, 2009; Yehezkel et al., 2008), while we were only
able to reach a 2-fold increase (Figure 25). To induce higher expression of
TERRA, a single copy of a construct containing a strong promoter harbouring an
artificial TERRA could be integrated in the genome by CRISPR/Cas9. The
disadvantage of this approach is that it does not express TERRA from an

endogenous locus, which could affect the results.

Since TERRA was previously shown to participate in heterochromatin formation
at telomeres (Porro et al,, 2014), we evaluated if the state of telomeric chromatin
of HCT116 cells overexpressing 10q and 13q TERRAs has changed. In the
HCT116 cell lines, we did not see any changes in H3K9me3, HP1 gamma,
H4K20me3 or H4Kl6ac after 20 to 24 weeks of TERRA overexpression.
Similarly, no changes in subtelomeric chromatin were detected (Figure 26).
However, when repeating these experiments with HeLa cells, we found increased
levels of H3K9me3 and H4K20me3 at telomeres (Figure 27). The
heterochromatin deposition was also reflected in the 10q and Xq subtelomeres,
but not in the 20q (Figure 28). The different behaviours of HCT116 and HeLa
cells could perhaps be due to their different levels of TERRA overexpression.
While HCT116 overexpress only 10q and 13q TERRA with the CRISPR activation
system, HeLa cells overexpress 5 out of 8 TERRAs measured, which could lead to

a more significant increase in general TERRA levels.

A previous report shows that TERRA binds directly the chromodomain of H3K9
histone methyltransferase SUV39H1, which is responsible for H3K9
trimethylation (Porro et al, 2014). TERRA could interact with SUV39H1 and
recruit it to telomeres to induce local heterochromatin formation. This is
consistent with our observations that TERRA overexpression leads to H3K9me3
deposition at telomeres. In parallel, we also detected increased H4K20me3 at
telomeres. SUV420H2 is the main responsible for catalysing H4K20me3
deposition (Fraga et al., 2005; Schotta et al., 2008) and deficiency of this enzyme
causes a 10% increase in telomere length of mouse embryonic fibroblasts
(MEFs) (Benettietal.,, 2007). Both SUV39H1 and SUV420H2 have in common the
presence of a SET domain, very commonly found in histone methyltransferases.

However, SUV420H2 does not possess a chromodomain, domain by which
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TERRA was shown to bind to SUV39H1 (Porro et al.,, 2014). The presence of a
chromodomain in SUV420H2 would directly suggest that it could bind TERRA,
but we might still find that TERRA and SUV420H2 interact through another
domain. We currently do not know if this enzyme is directly responsible for the
H4K20me3 deposition seen in our experiments. To test that, we will knockdown
SUV420H2 and verify if the deposition of this specific heterochromatin in
dimished upon TERRA overexpression. If that is the case, we will test if TERRA
directly interacts with SUV420H2 by RNA EMSA. Similarly to SUV39H1, TERRA
could recruit SUV420H2 to induce heterochromatin formation at telomeres. The
final result of this recruitment is unclear, but could serve as a measure to protect
telomeres from DDR or to create a feedback loop so that TERRA can regulate its
own expression. Supporting the former is the observation that H4K20me3
deposition happens only on those subtelomeres which overexpress TERRA

(Figure 28).
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Final considerations

In this thesis, we tackled several fundamental questions in the field of telomere
biology. We tried to determine if there is a direct correlation between TERRA
expression and telomere length, the factors influencing TERRA transcription, the
consequences of TERRA overexpression, and the cause the short telomere

phenotype in DKO cells.

In chapter 2, we performed a deep analysis of TERRA expression in several cell
lines and concluded that many TERRA species are expressed. Of utmost
importance, we demonstrated with two different methods that the 20q TERRA,
previously suggested to be the major TERRA, is not the most transcribed one. We
also uncovered previously unknown transcription factors influencing TERRA

transcription, namely ZNF148, PLAG1, ZFX and EGR1.

In chapter 3, we evaluated the telomere length dynamics of HCT116 DKO cells
and discovered that it is their decreased telomere elongation the probable faulty
mechanism behind their short telomeres. Additonally, we showed that DKO cells
fail to timely downregulate TERRA in S-phase, which could be a major

contributor to the reduced telomere elongation rates in this cell line.

We also combined STELA and RT-qPCR to show that TERRA expression and
telomere length do not correlate in DKO cells. Importantly, these data suggest

that, if TERRA regulates telomere length, it is able to do so in trans.

Here we described a method to induce overexpression of endogenous TERRA
using CRISPR activation. Although the increased levels of TERRA did not lead to
telomere length changes, we show that TERRA plays a role in the deposition of
H3K9me3 and H4K20me3 at telomeres. To our knowledge, this was the first time
that TERRA has been implicated in H4K20me3 accumulation at telomeres or
subtelomeres. Taken together, our results contribute to the understanding of the

role of the telomeric long non-coding RNA TERRA in telomere biology.
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Materials and Methods

Cell culture and transfection

HeLa, U20S, HLF (passages 10 to 16), and HCT116 WT and DKO human colon
carcinoma cells (kind gifts from B. Vogelstein) were grown in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum and 100

U/mL of penicillin/streptomycin. Cells were incubated at 37°C with 5% CO..

Plasmids and gRNAs

To induce TERRA upregulation, the lentiviral vector Lenti-dCas-VP64_Blast (gift
from Feng Zhang, Addgene #61425) and gRNA-containing plasmids (vector from
George Church, Addgene #41824) were integrated in HCT116 and HeLa cells. A
puromycin resistance gene (puromycin N-acetyltransferase) was cloned into the
gRNA-expressing plasmid. gRNAs were cloned into the modified vector using
Gibson assembly (New England Biolabs) as previously published (Mali et al.,
2013). For knockouts, oligos containing the gRNA target sequences were cloned
using restriction enzymes into the plasmid pSpCas9(BB)-2A-Puro (Addgene
#48139) as previously described (Ran et al, 2013). The gRNA sequences are
available in Table 10. Suntag plasmids were a gift from Ron Vale (Addgene
plasmid #60903 and #60904). pLPC-myc-hPOT1 delta OB was a gift from Titia
de Lange (Addgene # 13241).

Lentiviral vector production and titration

Lentiviral vectors were prepared as previously described (Wiznerowicz et al.,
2007). 24h prior to transfection, 11 million 293T cells per dish were plated in
11x 15 cm dishes. 55 pg of pMD2-G and 102 pg of pCMVR8.74 plasmids were
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mixed with 157 pg of the transfer vector of interest and transfected using
calcium phosphate transfection protocol (CalPhos Mammalian Transfection Kit,
Clontech). Cells were incubated overnight with the transfection mix. The
supernatant was then discarded and fresh medium was added to the cells. The
lentivirus-containing medium was collected and replaced twice in total during
24h. Harvested supernatant was cleared through a 0.22 um filter unit (Stericup,
Millipore) and concentrated by ultracentrifugation for 2h at 50,000 x g, 16°C
(Beckman Coulter Ultra-Clear tubes No. 344058, Rotor SW32Ti). The pellet was
resuspended in 500 pL of PBS and frozen at -80°C. Lentivirus titration was
performed in HCT116 cells using qPCR as previously described (Barde et al.,
2010).

Retroviral vector production and transduction

Seven million 293T cells were seeded in 10 cm dishes 8h before transfection.
Cells were transfected with 2 pg pLPC-Nmyc POT1AOB and 2 pg pcl-Ampho
retrovirus packaging vector and 10 pL of lipofectamine 2000 (Invitrogen). 16h
after transfection the supernatant was discarded and 10 mL of fresh medium
was added. Retrovirus-containing medium was collected 48h post-transfection.
Supernantant was cleared though a 0.22 pm syringe filter (Millex-GP, Millipore).

This medium was immediately used for transduction.

Six million cells were collected and resuspended in 6 mL of retrovirus-containing
medium in the presence of 6 ug/mL of polybrene. Cells were then seeded ina 10
cm dish. 24h later, 5 mL of fresh medium was added to the dish. 48h post-
transduction, cells were split into a 15 cm dish and selected for 12 days with 1

pg/mL of puromycin.
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Western blot

100,000 cells were incubated at 95°C for 5 min in 2x Laemmli buffer with 100
nM DTT and immediately placed on ice. Proteins were separated on a 4-15% or
7.5% (for DNMT3B) Mini Protean TGX (BioRad) followed by wet transfer onto a
0.2 um nitrocellulose membrane (Amersham Protran, GE Healthcare). Standard
immunoblot protocols were used with the following antibodies: anti-Cas9/anti-
dCas9 (1:1,000, G410 Diagenode), anti-hnRNP A1 (1:5,000, 4B10, sc-32301,
Santa Cruz), anti-DNMT3B (sc-376043, Santa Cruz), anti-myc (1:1,000, Sigma
9E10), anti-CTCF (1:1,000, Millipore 07-729) and anti-ZNF148 (1:1:1,000), sc-
137171, Santa Cruz). HRP-conjugated secondary antibodies anti-mouse (W4021,
Promega), anti-goat (sc-2953, Santa Cruz Biotechnology) and anti-rabbit
(W4011, Promega) were used at 1:5,000 to reveal the signal of the primary
antibody. ECL Spray (Advansta) was used to develop the signal, which was
detected using a FluorChem 8900 (Alpha Innotech) or Fusion FX (Vilber).

Telomere restriction fragment analysis (TRF)

Genomic DNA from 3 to 5 million cells was isolated using Wizard genomic DNA
kit (Promega). TRF analysis of HeLa cells was performed by digesting genomic
DNA with 30 U of Rsal and 50U of HindlI as previously described (Cristofari and
Lingner, 2006). For HCT116 cells, minor modifications were introduced: 3 pg of
genomic DNA was digested overnight at 37°C with 2.5 U of Rsal, Hinfl, Alul, MnlI
and Hphl (New England Biolabs). Samples were loaded on a 15 cm long 0.8%
agarose gel and run at 30V for 16h. Gels were denatured in 0.5 M NaOH and 1.5M
NaCl, and neutralized in 1.5 M NaCl and 0.5 M Tris-HCl pH 7.5. In-gel
hybridization was performed overnight with P32 radiolabelled telomeric probe
(Grolimund et al., 2013) in Church buffer (1% bovine serum albumin, 1 mM
EDTA, 0.5 M phosphate buffer, 7% SDS). Radioactive signal was detected with
Amershan Typhoon and quantified in AIDA software version 4.06.034. Averages
and P-values (t-tests corrected for multiple comparisons using the Holm-Sidak

method) were calculated using the Prism 8 software.
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Single telomere length analysis (STELA)

STELA was performed as previously described (Baird et al., 2003). Primers used
are listed in Table 9. Briefly, 3 to 5 ug of genomic DNA was digested with 100 U of
EcoRI-HF (New England Biolabs) overnight at 37°C. Digested DNA was purified
with GeneClean Turbo kit (MP Biomedicals). DNA concentration was measured
with the Qubit dsDNA High Sensitivity Assay Kit (Thermo Fischer Scientific). 100
ng of DNA was mixed with 1 pM telorette 3 and incubated at 60°C for 10 min. The
reaction was cooled down to room temperature before addition of 40 U of T4
ligase (New England Biolabs) and 1 mM ATP in a 10 pL reaction. Ligations were
incubated for 12h at 35°C and then heat inactivated for 15 min at 70°C. 200 to
600 pg of ligated DNA was used per PCR amplification. Reactions were done in
15 pL containing 75 mM Tris-HCl (pH 8.8), 20 nM (NH4)2S04, 0.01% Tween 20,
1.5 mM MgCly, 0.5 puM TelTail primer, 0.5 uM forward primer, 0.3 mM dNTPs, 1.5
U of Taq Thermoprime Polymerase (ABgene) and 0.15 U of Pwo polymerase
(Roche). PCR conditions were the following: 94°C for 2 minutes (initial
denaturation), 25 cycles of 94°C for 15 seconds, 65°C for 30 seconds, 68°C for 10
minutes, followed by a 20-minutes final extension at 94°C. PCR reactions were
mixed with 3 pL of 6x DNA loading buffer (New England Biolabs) and
electrophoresed in a 0.8% agarose gel at 55V for 15 hours. Gels were denatured
in 0.5 M NaOH and 1.5M Nac(l, neutralized in 1.5 M Na(Cl and 0.5 M Tris-HCl pH
7.5. DNA was transferred by capillarity in 10x SSC buffer onto a nylon membrane
(Hybond N+, GE Healthcare). DNA and membrane were UV-crosslinked and
blocked in Church buffer (1% BSA, 1 mM EDTA, 0.5 M phosphate buffer, 7%
SDS). Membranes were incubated with P32 radiolabelled telomeric probe
overnight at 55°C. Washes were done at 60°C with 2x SSC 0.2% SDS (2 x 30
minutes) and 0.2x SSC 0.2% SDS (2 x 30 minutes). The molecular weight of each
band was calculated using AIDA software (version 4.06.034). Averages and P-
values (t-tests corrected for multiple comparisons using the Holm-Sidak method)

were calculated using the Prism 8 software.
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Cell cycle sorting

HeLa, HCT116 WT and DKO cells were seeded in 15 cm dishes at 25-30%
confluency the day before the experiment. 5 pg/mL Hoechst 33342 was added
for 30 min to each dish. Cells were harvested and sorted at 4°C by a MoFlo
Astrios EQ flow cytometer according to their DNA content. Immediately after
sorting, cells were centrifuged and lysed in RNA lysis buffer (RA1, Macherey-
Nagel) and used for RT-qPCR as described below.

RT-qPCR

TERRA RT-qPCR was performed as previously described (Feretzaki and Lingner,
2017). Briefly, RNA from 3 to 5 million cells was isolated using NucleoSpin RNA
(Macherey-Nagel) and subjected to two on-column and one in-solution DNase
digestions. 3 pg of RNA was reverse transcribed using 200 U SuperScript III
Reverse transcriptase (Thermo Fischer Scientific), GAPDH and TERRA reverse
primers. Reverse transcription was performed at 55°C for 1h, followed by heat
inactivation at 70°C for 15 minutes. 10% of the reaction was mixed with 2X
Power SYBR Green PCR Master mix (Applied Biosystems) and 0.5 uM forward
and reverse qPCR primers (see Table 6 for sequences). qPCR reaction consisted
of 10 minutes at 95°C for activation of the DNA Polymerase and 40 cycles at 95°C
for 15s and 60°C for 1 min in an Applied Biosystems 7900HT Fast Real-Time
System. For comparison between two samples, averages and P-values were
calculated using t-tests corrected for multiple comparisons using the Holm-Sidak
method. For comparing multiple treatments, statistical significance was
calculated using two-way ANOVA followed by Tukey’s multiple comparison in

Prism 8 software.
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TERRA absolute quantification

TERRA absolute quantification was done in collaboration with Marianna
Feretzaki. Primers used for TERRA qPCR were used to amplify genomic DNA
from HeLa or HCT116 cells. PCR products were cloned into pCR-4Blunt-TOPO
plasmid (Invitrogen). Specificity of the products was verified by Sanger
sequencing. Plasmids were quantified by Qubit dsDNA High Sensitivity Assay Kit
(Thermo Fischer Scientific) and used to create a standard curve ranging from 1
to 108 copies per qPCR reaction. gPCR was done as described above using the
standard curve and sample cDNA. The number of copies of a specific TERRA
species was extrapolated comparing the CT value of the sample to that of the

standard curve.

To be more precise with the quantification of TERRA copies per cell, we cloned
400 to 500 bp of subtelomeric sequences of the 10q, 15q and 20q subtelomeres,
followed by 540 bp of telomeric repeats (90 x TTAGGG). A T7 promoter was used
for in vitro transcription of TERRA. The following RNA product with the correct
length was gel eluted and purified. RNA was diluted to create a standard curve
and the qPCR was performed as described above. To calculate the number of
TERRA copies per cell, we assumed the RNA isolation protocol has 100%

efficiency. Primers sequences are listed in Table 7.

Northern blot

10 pg of RNA were loaded on a 1.2% formaldehyde agarose gel and separated by
electrophoresis as previously described (Azzalin et al, 2007). RNA was
transferred overnight to a nylon membrane (Hybond N+, GE Healthcare) in 0.5X
TBE. The membrane was UV-crosslinked and pre-hybridzed for 1h with Church
buffer. The membrane was incubated overnight at 50°C with P32-radiolabelled
telomeric probe (Grolimund et al., 2013). After reading the telomeric signal, the
membrane was stripped and probed with a 5’ P32-labeled B-actin probe (5’-
AGTCCGCCTAGAAGCATTTG -3’) as loading control.
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IF and TERRA FISH

For combined TRF1 IF and TERRA FISH, cells were grown in 18x18 mm
coverslips overnight, washed with PBS and pre-extracted for 7 min at 4°C with
CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES pH 7,
0.5% triton X-100) supplemented with 10 mM ribonucleoside-vanadyl complex
(RVC). Cells were washed with PBS and fixed for 10 min at room temperature
with 4% parafolmaldehyde pH 7.4. After 3 x 5 minutes washes with PBS, cells
were blocked for 30 min in humid chamber with IF blocking solution (10%
normal goat serum, 2% BSA in PBS) supplemented with RVC. After removal of
excessive blocking solution, cells were incubated 1h with anti-TRF1 antibody
(homemade serum 448, 1:1,000) diluted in IF blocking solution. Primary
antibodies were washed 3x with 0.05% Tween-20 in PBS. Secondary antibody
Alexa-633 anti-rabbit (Thermo Fischer A-21070, 1:500) was incubated for 45
min. After 3 additional washes with 0.05% Tween-20 in PBS, cells were fixed for
10 min at room temperature with 4% parafolmaldehyde pH 7.4. RNAse digestion
with 0.1 mg/mL of RNAseA (Sigma) was performed in negative control samples

for 1h at 37°C.

Cells were dehydrated in a 70%, 85%, 100% ethanol series for 5 min with each
ethanol concentration. Coverslips were air-dried and incubated upside down in
10 pL of TERRA FISH probe. The probe was prepared by random labelling of 1 ug
of a 300 bp telomeric sequence in the presence of 0.5 mM dATP, 0.5 mM dTTP, 1
mM Cy3-dCTP (Perkin-Elmer) and 80 U of Klenow (Invitrogen) for 30 min at
37°C. The probe was purified using DNA Clean & Concentrator kit (Zymo
Research) and eluted in 15 pL. The probe was added to 85 pL of hybridization
mix (2x SSC, 2 mg/mL BSA, 50% ultrapure formamide, 10% dextran sulfate, 10
mM RVC) and heated to 80°C for 10 min before being chilled on ice. The
coverslips and probe were incubated overnight at 37°C in a humid chamber in
the dark. Washes were done as follows: 3 washes with 2X SSC, 50% formamide at

39°C for 5 min, 3 washes with 2X SSC at 39°C for 5 min (DAPI at 100 ng/mL was
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added to the second wash), one wash with 2X SSC at room temperature for 5

min.

Coverslips were mounted on slides with Vectashield (Vector Laboratories) and

imaged with a Zeiss LSM700 confocal microscope.

DNMT3B CRISPR/Cas9 deletion

gRNAs against DNMT3B were cloned into plasmid pSpCas9(BB)-2A-Puro
(PX459) as previously described (Ran et al., 2013). gRNA sequences are listed in
Table 10.

1.5 million HCT116 cells were transfected in 6-well plates with 1 ug of gRNA
DNMT3-1 and 1 pg of gRNA DNMT3-2, or with 1 pg of gRNA DNMT3-3 and 1 pg
of gRNA DNMT3-4, together with 10 pL of lipofectamine. Transfections were
repeated 3x per gRNA pair. Transfections were pooled 8h after transfection in a
10 cm dish. A 3-day selection with 1 pug/mL of puromycin started 36h after
transfection. One week after transfection, single cells were plated in 96-well
plates using limited dilution. 3 weeks after plating, clones were screened for
DNMT3B deletion by Western blot. Knockouts were confirmed by genotyping

(primers in Table 11) and sequencing.

siRNA depletion

siRNAs are listed in Table 8. siRNAs were transfected using calcium phosphate
transfection. Cells were harvested 72h later and immediately lysed in RNA lysis

buffer (RA1, Macherey-Nagel) for RT-qPCR.
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ChIP-dot blot and ChIP-qPCR

10 million cells were crosslinked for 10 min at room temperature in 2 mL of 1%
methanol-free formaldehyde in PBS supplemented with 5% FBS. Formaldehyde
was quenched for 10 min with 8 mL of 250 mM Tris pH 8.0 in PBS. Cells were
washed twice with PBS and kept hereafter at 4°C until the crosslink reversal.
Cells were lysed for 10 min with LB1 (50 mM HEPES-KOH pH 7.4, 140 mM NaCl,
1 mM EDTA, 1'% glycerol, 0.5% NP40, 0.25% Triton X-100) on wheel. After
spinning for 5 min at 1,700 x g, the pellets were resuspended in LB2 (10 mM Tris
pH 8, 200 mM NacCl, 1 mM EDTA, 0.5 mM EGTA) for 10 min on wheel. Pellets
were washed twice in 0.5 mL SDS shearing buffer (10 mM Tris pH 8, 1 mM EDTA,
0.15% SDS) before final resuspension in 1 mL of the same buffer. LB1, LB2 and
SDS shearing buffers were supplemented with EDTA-free, protease inhibitor
complex (Roche) at all times. Sonication was performed in 1 mL sonication vials
with AFA fiber at a concentration of 10 million cells per mL. Sonication was
performed in a Focused-Ultrasonicator (E220, Covaris) set to 5% duty cycle, 140
W power and 200 cycles per burst. HCT116 cells were sonicated for 12 min and

HeLa cells for 16 min to achieve optimal fragment length (100 to 500 bp).

Sonicated samples were centrifuged at 20,000 x g for 10 min. NaCl and Triton X-
100 were added to the supernatants to adjust IP conditions to 10 mM Tris pH 8,
1 mM EDTA, 0.15% SDS, 1% Triton X-100, 150 mM NacCl. Each IP was done
overnight on rotating wheel using 1.8 mio cells (200 pL) and 4 pg of each
antibody. Antibodies used were: CTCF (Millipore 07-729), TRF1 (homemade,
affinity-purified from serum), H3K9me3 (ab 8898), H4K20me3 (ab9053), HP1
gamma (ab10480), H4K16ac (Millipore 07-329), normal rabbit IgG (Santa Cruz
sc-2027). The next day, protein A/G magnetic beads (Dynadeads, Thermo
Scientific) were washed in 5 mg/mL BSA in PBS and resuspended to their
original volume in PBS. 20 uL of beads were added to each IP and incubated for
3h on wheel. Beads were washed twice with low salt wash buffer (10 mM Tris
HCl pH 8, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.15% SDS), once with
high salt wash buffer (10 mM Tris HCl pH 8, 500 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.15% SDS), LiCl wash buffer (10 mM Tris HCI pH 8,1 mM EDTA,
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250 mM LiCl, 1% NP-40, 1% NaDOC) and TE buffer (10mM Tris-HCl, 1mM
EDTA). Beads were incubated for 5 min on wheel between each wash. Washed
beads were resuspended in crosslink reversal buffer (20 mM Tris HCl pH 8, 1%
SDS, 100 mM NaHCO3, 0.5 mM EDTA, 200 pg/mL RNAse A) and incubated at

65°C overnight with rotation.

DNA was purified using the NucleoSpin Gel and PCR Clean-up (Macherey-Nagel)
with NTB buffer and eluted in 50 pL or 100 uL of MilliQ water for qPCR or dot
blot, respectively. qPCR was done in duplicates with 2 uL of eluate, 2 pL. ddH20, 5
uL of DNA 2X Power SYBR Green PCR Master mix (Applied Biosystems) and 0.5
UM forward and reverse qPCR primers (0.5 pL each). qPCR reaction for done
with 10 minutes at 95°C for activation of the DNA Polymerase and 40 cycles at
95°C for 15s and 60°C for 1 min in an Applied Biosystems 7900HT Fast Real-

Time System.

For dot blot, DNA incubated at 95°C for 5 min and chilled immediately after on
ice. Samples were spotted onto a Hybond N+ nylon membrane (GE Healthcare)
using a Bio-Rad dot blot apparatus. DNA and membrane were UV-crosslinked
and blocked in Church buffer (1% BSA, 1 mM EDTA, 0.5 M phosphate buffer, 7%
SDS) at 65°C. Incubation with P32 radiolabeled telomeric probe was done
overnight at 65°C. Washes were done with 1x SSC 0.5% SDS (2 x 1h). Incubation
with the 5’ P32-labeled Alu probe (5-GTGATCCGCCCGCCTCGGCCTCCCAAAGTG-
3") was done at 50°C.

The intensity of each dot was calculated using AIDA software (version 4.06.034).
Averages and P-values (t-tests corrected for multiple comparisons using the

Holm-Sidak method) were calculated using the Prism 8 software.

Table 6: qPCR primers

Primer Sequence (5’ - 3’)

TERRA RT Primer CCCTAACCCTAACCCTAACCCTAACCCTAA

1q Fw GCATTCCTAATGCACACATGAC
1q Rev ACCCTAACCCGAACCCTA
2p Fw GTAAAGGCGAAGCAGCATTCTCC

2p Rev TAAGCCGAAGCCTAACTCGTGTC
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7p Fw GGAGGCTGAGGCAGGAGAA

7p Rev CAATCTCGGCTCACCACAATC

9p Fw GAGATTCTCCCAAGGCAAGG

9p Rev ACATGAGGAATGTGGGTGTTAT

10q Fw ATGCACACATGACACCCTAAA

10q Rev TACCCGAACCTGAACCCTAA

12q Fw ATTTCCCGTTTTCCACACTGA

12q Rev CTGTTTGCAGCGCTGAATATTC

13q Fw CTGCCTGCCTTTGGGATAA

13q Rev AAACCGTTCTAACTGGTCTCTG

15q Fw TGCAACCGGGAAAGATTTTATT

15q Rev GCGTGGCTTTGGGACAACT

17p Fw GGGACAGAAGTGGATAAGCTGATC

17p Rev GATCCCACTGTTTTTATTACTGTTCCT

18p Fw TACCTCGCTTTGGGACAAC

18p Rev CCTAACCCTCACCCTTCTAAC

20q Fw GCAGCTTTCTCAGCACAC

20q Rev TTTGTTCACTGTCGATGCG

Xq Fw AGCAAGCGGGTCCTGTAGTG

Xq Rev GGTGGAACTTCAGTAATCCGAAA

CXCR4 Fw GAAGCTGTTGGCTGAAAAGG (Gilbert etal., 2013)
CXCR4 Rev CTCACTGACGTTGGCAAAGA (Gilbert et al,, 2013)
IL1RN Fw GGAATCCATGGAGGGAAGAT (Perez-Pineraetal., 2013)
IL1RN Rev TGTTCTCGCTCAGGTCAGTG (Perez-Pineraetal., 2013)
GAPDH Fw GCGTGGCTTTGGGACAACT

GAPDH Rev AGCCACATCGCTCAGACAC

CTCF Fw GACCCCACCCTTCTTCAGATG (Deng et al., 2012)
CTCF Rev CCACAGCAGCCTCTGCTTCT (Dengetal., 2012)
ATRX Fw GGTGAAGGAAATGTGGATG

ATRX Rev CTGGGCTGCTTGGATTAGAA

PLAG1 Fw ATTGTGATCGCCGGTTCTAC

PLAG Rev GATCCTTTCGCCCAAATCTCT

EGR1 Fw CGCAAGAGGCATACCAAGAT

EGR1 Rev

GTAGGAAGAGAGAGAGGAGGTG
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ZFX Fw GTGCCCTCTTGCACATAGAT
ZFX Rev GATGTCCATCAGGGCCAATAA
ZNF148 Fw GCAGGCTTTGGACAGAACTA
ZNF148 Rev GATTTGGGAGGGTCTGGTTATC
WASH F1 GTGTGGAGACCAGCTTCAA
WASH R1 CCATGAAGTACAGGCAGACAA
WASH F2 TGACATGGACACAGCCA
WASH R2 CCTCAAGCCAGCCTTCC

WASH F3 ACTCTGCTAGAGTCCATCCG
WASH R3 TGCTGCTTCTCCAGCTTTC

Table 7: Primers used to create plasmids for TERRA absolute quantification

Primer

Sequence (5’ - 3’)

2p - Plasmid curve F

GTAAAGGCGAAGCAGCATTCTCC

2p - Plasmid curve R

TAAGCCGAAGCCTAACTCGTGTC

9p - Plasmid curve F

GAGATTCTCCCAAGGCAAGG

9p - Plasmid curve R

ACATGAGGAATGTGGGTGTTAT

17p - Plasmid curve F

GGGACAGAAGTGGATAAGCTGATC

17p - Plasmid curve R

GATCCCACTGTTTTTATTACTGTTCCT

20q - Plasmid curve F

GCAGCTTTCTCAGCACAC

20q - Plasmid curve R

TTTGTTCACTGTCGATGCG

10q - RNA curve F

GCGGCCGCCGGTGAATAAAATCTTTCCC

10q - RNA curve R

GGATCCCCCTCACCCTAACCCTCACC

15q - RNA curve F

GAACGCGTGTGGATCATTCTCCTCAGGTCAGACCCG

15g - RNA curve R

CTAACCCTAAGGATCCTAACCGTGACCCTGACCCCG

20q - RNA curve F

ATGATGGCGGCCGCTGCGACGGGCGTCTCCG

20q - RNA curve R

TATATAGGATCCCCCTGATTATTCAGGGCTGCA

Table 8: siRNA sequences

siRNA siRNA Target Sequence
DNMT1 TCTGTCCGTTCACATGTGT
CTCF_5 TGCGATTACGCCAGTGTAGAA
CTCF_8 CACGTCGGAATACCATGGCAA
CTCF_7 AGGGTGATTATGAGTGGTTCA
ATRX_6 AGCAGCTACAGTGACGACTAA
ATRX 5 ACCGCTGAGCCCATGAGTGAA
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ATRX_12 AGGGTTGTGGATTATCTTCCA
PLAG1_8 TCGCCGGTTCTACACCCGAAA
PLAG1_12 CAGAGTCGATATATAGGTAGA
PLAG1_13 TACCTTTATAGTTATCGATCA
EGR1_4 CCCAATTACTATTCCCTTTGA
EGR1.5 CAAACCAATGGTGATCCTCTA
EGR1_.7 CCCGTCGGTGGCCACCACGTA
ZFX_7 CAGAGAACGGGTGCTAATTAT
ZFX 9 TAGGTCTGAATCAGTGTCATA
ZFX_10 TAGAGGACTAGTAGATGCTAA
ZNF148_5 AAACTCGGGATCAGATACAAA
ZNF148_5 TAAGCGTAAAGCAGGAAATTA
ZNF148_6 TCGGGCAGTTATACTTAAGCA

Table 9: STELA primers

Primer name Sequence (5’ - 3’)
Telorete 3 TGCTCCGTGCATCTGGCATCCCTAACC (Baird et al., 2003)
TelTail TGCTCCGTGCATCTGGCATC (Baird et al.,, 2003)

9p Fw Primer

GAGATTCTCCCAAGGCAAGG

10q Fw Primer ATGCACACATGACACCCTAAA

15q Fw Primer CAGCGAGATTCTCCCAAGCTAAG (Farnung et al., 2012)
17p Fw Primer GGGACAGAAGTGGATAAGCTGATC

20q Fw Primer GCAGCTTTCTCAGCACAC

Table 10: gRNA target sequences

gRNA

gRNA sequence (PAM)

AAVS1

GGGGCCACTAGGGACAGGAT(TGG)

TERRA 3 - CpG islands

GCAGGCGCAGAGAGGCG(NGG)

TERRA 8 - CpG islands

CCGGCGCAGGCGCAGAG (NGG)

TERRA 9 - CpG islands

CCTCTCTGCGCCTGCGC (NGG)

TERRA 46 - CpG islands

GCGCCGGCGCAGGCGCAGAG (NGG)

TERRA 47 - CpG islands

CGCAGAGAGGCGCGCCGCGC (NGG)

TERRA 48 - CTCF sites

CACGCCGCCTGCTGGCAGCT (NGG)

TERRA 49 - RNAPOL2
sites

CGCGCAGAGACACACGTCCC (NGG)

TERRA 50 - between
CTCF and RNAPOL?2 sites

AGACACATGCTAGCGCGTCC(NGG)

TERRA 51 - CpG islands

GCGCCTCTCTGCGCCTGCGC (NGG)

TERRA 52 - CpG islands

TCTCTGCGCCTGCGCCGGCG (NGG)
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TERRA 53 - CTCF sites

TGTCCCTAGCTGCCAGCAGG (NGG)

TERRA 54 - CTCF sites

TTGCCCTAGTCGCCAGCAGG (NGG)

GCAGGTAGCAAAGTGACGCCGA (NGG) (Gilbertetal.,

CXCR4 2013)

IL1RN CR1 z‘l(jTZAOE'gITCTGAGGTGCTC( NGG) (Perez-Pinera et

IL1RN CR2 gf(;%?g?TAAGAACCAGTT (NGQ) (Perez-Pinera et

IL1RN CR4 GAGTCACCCTCCTGGAAAC (NGG) (Perez-Pinera et
al, 2013)

DNMT3B-1 AGACTCGATCCTCGTCAACG (NGG)

DNMT3B-2 CGACTCGCCCCCAATCCTGG (NGG)

DNMT3B-3 GTCGGAGGACTGGTCGCTGC (NGG)

DNMT3B-4 CCGGGGTGCGGATAGCCTCC (NGG)

ZNF148-1 G AGATCGAAGTATGCCTCACC (NGGQG)

ZNF148-2 G TCTGGCCAGTCTACTGTGTC (NGG)

ZNF148-3 G AGTGCATACTGTAGTCCTTG (NGG)

ZNF148-4 G CCACATTCATCACAGCGAAA (NGGQG)

ZNF148-5 G AAACAGTATTCACACTGGTA (NGG)

Table 11: Genotyping primers

Primer name Sequence (5’ - 3’)
DNMT3B Fw GGGTACTTGGGCAAGAGCAT
DNMT3B Rev CCCAAAGCCTCCAGTTGTCT
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