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ABSTRACT 
 

The telomeric repeat containing RNA TERRA represents a class of long non-coding 

RNAs transcribed from telomeres. TERRA has been shown to play key roles in 

telomere maintenance. During past years it has been reported that TERRA interacts 

with telomerase, suggesting it may act as regulator of telomerase. However, the role 

of TERRA in telomerase activity in human cells is still unknown and it needs to be 

further investigated. 

Herein, we investigate the role of TERRA in telomerase activity in human cancer cells 

by exploiting different experimental conditions. By using single molecule RNA FISH 

(smiFISH) combined with confocal microscopy, we demonstrated that TERRA and 

the telomerase RNA subunit hTR colocalize in cancer cells. We observed that these 

events mainly occur in the nucleoplasm, while a fraction of TERRA transcripts 

colocalize with hTR molecules also at telomeres (Figure 1A). This result suggested 

us the possibility of a localization-dependent role of TERRA in the regulation of 

telomerase activity. Surprisingly, by studying TERRA and hTR interactions during 

telomere length homeostasis, we observed that fewer TERRA molecules localize at 

chromosome ends when telomeres are elongated by telomerase. Furthermore, the 

fraction of telomeric TERRA-hTR colocalizing foci markedly decreased during 

telomere elongation (Figure 1B and 1C). We observed that telomere shortening 

correlated with increased TERRA levels, in line with previously reported findings. 

Intriguingly, by quantifying the integrated density of the telomeric foci in smiFISH 

experiments combined with immunofluorescence (IF), we observed that TERRA 

transcripts preferentially localize to telomeres showing a brighter signal intensity as 

compared to the average telomeric signal of the cell, suggesting a preferential 

recruitment of TERRA to longer chromosome ends (Figure 1D).  

These results suggest that TERRA transcripts may localize to telomeres in trans and 

that a displacement of TERRA from chromosome ends may be required for telomere 

elongation by telomerase. To gain insight into the role of TERRA in the regulation of 

telomerase, we used antisense oligonucleotides to deplete TERRA in cells. 

Interestingly, TERRA depletion resulted in increased telomerase localization to 

telomeres (Figure 1E). Altogether, our findings support a model in which telomeric 

TERRA transcripts act as negative regulators of telomerase activity at telomeres.  
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Figure 1. Graphical summary of the results reported in the thesis. Created with Biorender.com 
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INTRODUCTION 
 

TELOMERES 
Human chromosomes end with telomeres, complex protective structures involved 

in the maintenance of chromosome integrity. The natural end of linear chromosomes 

highly resembles damaged or broken DNA ends, also known as double strand breaks 

(DSBs), which are normally recognized by the DNA damage response (DDR) 

machinery and repaired through mechanisms of homology directed repair (HR) or 

nonhomologous end joining (NHEJ). These repair mechanisms, when activated at 

chromosome ends, induce the formation of deleterious recombination events and 

aberrant chromosomes fusion causing genomic instability. This phenomenon is called 

“end-protection problem” and is naturally avoided thanks to the presence of telomeres 

that cap the natural chromosome ends concealing them to avoiding their recognition 

as a site of DNA damage1.  

 

The structure of telomeres 
Telomeres are nucleoprotein structures comprised of hundreds to thousands of 

hexameric double-stranded DNA repeats bound by several specialized proteins, 

terminating with a single-stranded guanine-rich (G-rich) overhang at their 3’-end2. In 

particular, the sequence of double-stranded (ds) tandem DNA repeats is conserved 

among many species: in vertebrates the telomeric sequence consists of 5’-TTAGGG-

3’ repeats whose number varies considerably not only between different species but 

also among different telomeres of the same individual3-5. In humans, telomere length 

ranges from approximately 5 to 15 kb while in S. cerevisiae and S. pombe telomeres 

are less than 1 kb long and Mus musculus presents telomeres of approximately 20 to 

50 kb in length2,6. Telomeres do not present a blunt-ended termination at their 3’ end 

but comprise a single-stranded (ss) protrusion of the G-rich strand of about 200 

nucleotides (nt) in length in humans, known as G-overhang. The 3’ overhang is able 

to fold on itself by invading the double-stranded telomeric sequence through the base-

pairing with the C-rich strand thereby displacing the G-rich strand, and generating the 

displacement-loop, or D-loop2,7,8. This results in a higher-order lariat-like secondary 

structure called the telomeric-loop (or T-loop)8. T-loop function is to sequester the G-

overhang from DDR pathways recognition thus avoiding inappropriate repair at 

chromosome ends9 (Fig. 2).  



 

 12 

 

Figure 2. Schematic representation of a telomere in T-loop configuration in mammals. The G-

overhang invades the double stranded telomeric DNA by displacing the G-rich strand and forms a D-

loops structure. Adapted from de Lange T., 20049 

 

The 3’ overhang, thanks to its high guanine content, can also fold into G-quadruplexes 

structures where four guanine rings form planar square alignments which adopt a flat 

and cyclic configuration stabilized by hydrogen bonds (guanine tetrad)10-13. Assembly 

and dissolution of telomeric secondary structures influence the maintenance of 

telomeres and are indispensable for the proper telomere function; therefore, their 

assembly is strictly regulated during the cell cycle by proteins of the shelterin 

complex12-15. 

 

The shelterin complex 
The shelterin multimeric complex is an important factor involved in telomere 

maintenance. In humans, this complex consists of six protein subunits, namely TRF1, 

TRF2, RAP1, TIN2, TPP1 and POT116,17. TRF1 and TRF2 (Telomeric Repeat binding 

Factor 1 and 2) are directly recruited to the canonical double-stranded telomeric DNA 

to which they associate via Myb/SANT domains18,19; TPP1 (Telomere Protection 

Protein 1) and POT1 (Protection Of Telomeres 1) heterodimerize and bind the single-

stranded G-rich telomeric tract 20,21. TRF1 and TRF2, along with RAP1 (Repressor-

Activator Protein 1) that regulates TRF2 association to telomeric repeats22,23, are  

connected to the POT1-TPP1 heterodimer via the TIN2 (TRF1 Interacting Nuclear 

factor 2) protein bridge24. Additionally, TIN2 stabilizes the interaction between TRF1 

and TRF2 proteins and the binding of TRF2 to telomeres25 (Fig. 3). 
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Figure 3. The human shelterin complex. Schematic representation of the multimeric shelterin 

complex at telomere. POT1 protein binds the single-stranded (ss) TTAGGG-repeat DNA, TRF1 and 

TRF2 instead form heterodimers which are associated with the duplex repeats. TIN2 and RAP1 

stabilize TRF2-binding to the telomere. Adapted from de Lange T., 20049 

 

Overall, the shelterin complex mediates the proper formation of telomeric chromatin 

following DNA replication16. Its key function is to assist the T-loop formation, preserve 

the genome integrity by repressing the 5’ end hyper-resection and avoid inappropriate 

activation of DDR pathways at chromosome ends16. Among the mechanisms averted 

by the shelterin complex, TRF2 specifically represses ATM (Ataxia Telangiectasia 

Mutated) kinase pathway by promoting the T-loop formation which sequesters the 3’ 

overhang. Moreover, through the T-loop formation, TRF2 also represses NHEJ repair 

pathway and the consequent telomere fusion17,26. Instead, POT1-TPP1 heterodimer 

can prevent the activation of ATR (ATM- and Rad53- related) kinase pathway by 

displacing RPA (Replication Protein A) from its binding to the single-stranded 

telomeric DNA27-29. Additionally, the binding to double-stranded telomeric DNA of 

TRF2 hides the recognition site of PARP1 (poly (ADP-ribose) polymerase) positioned 

at the base of the T-loop, thus avoiding its cleavage31. Therefore, the telomeric DNA 

with its associated proteins guarantees the structural integrity of chromosome ends2.  

 

Telomere homeostasis 
Besides the “end-protection problem”, chromosome ends are characterized by 

their natural progressive shortening within each cell division due to the “end-

replication problem”. The conventional DNA replication machinery is unable to fully 

replicate the ends of linear DNA molecules31,32. As the two strands are synthetized in 

a 5’-3’ direction, the leading strand will be synthetized continuously, in the same 

direction of the replication fork, while the replication of the lagging strand will be 

discontinuous and finally obtained through the joining of Okazaki fragments which are 
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the result of multiple priming events via RNA primers. In humans, it has been 

observed that the final lagging RNA primer is not in a terminal position but randomly 

positioned from 70 to 100 nt from the chromosome end33 and its removal leads to the 

formation of an overhang of uncertain size. This process, combined with the fact that 

the newly synthesized leading telomere will be shorter than the lagging one (as its 

template 5’ end strand is shorter than the 3’ end), and with processing events 

occurring at telomeres to generate the G-overhang, leads to the gradual shortening 

of telomeric DNA6,32. As a consequence, telomeric repeats are lost and chromosome 

ends shorten of approximately 70-100 nt at each cell division32,33 (Fig. 4). 

 

Figure 4. The end replication problem. Schematic representation of the gradual loss of telomeric 

DNA after replication of the telomeric lagging strand. Adapted from Verdun R.E., Karlseder J., 200732 

 

Telomeres, after a certain number of cell divisions, reach a critically short length, they 

become dysfunctional, and cause persistent activation of DDR pathways, which 

ultimately lead to replicative senescence32,34,35. For these reasons, the physiological 

shortening of telomeres acts as a powerful tumor-suppressor mechanism because it 

limits the proliferative capacity of cells, preventing them from entering mitosis2,36. In 

line with this scenario, the “end-replication problem” is also implicated in aging and in 

premature aging syndromes37. Additionally, continuously dividing cells, such as 

embryonic, germline and pluripotent cells, need to counteract this progressive 

telomere shortening. To maintain telomere length, the most frequent mechanism 

employed by proliferating cells exploits the expression of telomerase, a reverse 

transcriptase enzyme able to add telomeric repeats at the end of the 3’ strand of 

chromosomes, conferring a potential unlimited proliferative capacity38. The proper 
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functionality of telomerase depends on the correct assembly of the ribonucleoprotein 

(RNP) catalytic core and on the correct interactions with its accessory proteins which 

are involved in its maturation, stability and trafficking38,39. The expression of 

telomerase is a key event not only in highly proliferative cells but also during 

tumorigenesis leading to replicative immortality of cancer cells40. Even though the 

expression of telomerase is the most used mechanisms for telomere length 

maintenance in eukaryotes, about 10-15% of cancer cells achieve replicative 

immortality through the Alternative Lengthening (ALT) pathway. In ALT cells, telomere 

length is maintained by homologous recombination (HR) through a mechanism in 

which, after the T-loop formation, the short telomere itself or a different telomere is 

used as a copy template26,41.  
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TELOMERASE 
Telomerase is a unique ribonucleoprotein (RNP) enzyme that counteracts the 

progressive shortening of telomeres by processively synthetizing new telomeric 

repeats at the 3’ end of chromosomes42. The minimal catalytic core of the holoenzyme 

is composed of the specialized reverse transcriptase TERT, responsible for 

synthesizing telomeric repeats, and a RNA molecule known as TR, or TERC, that 

functions as a template for the telomeric DNA repeats synthesis, and as scaffold 

molecule to allow the formation of the holoenzyme through recruitment of associated 

proteins (see next paragraph)24,43. In physiological conditions, telomerase is 

expressed in both germline and somatic stem cells to allow their persisting cell 

division while it is inactivated in normal somatic cells through the silencing of the TERT 

gene34,44. Mutations in telomere- and telomerase-associated genes result in inherited 

stem cell-dysfunction diseases, also known as “telomeropathies”, such as 

Dyskeratosis congenita, aplastic anemia and pulmonary fibrosis24,45-47. For these 

reasons, telomerase is considered a key determinant of human health, longevity and 

tumorigenesis47-52. 

 

The structure of telomerase 
Telomerase is an RNA-dependent DNA polymerase containing a specialized 

reverse transcriptase, known as TERT, and the RNA TR subunit characterized by the 

presence of the template sequence 5’-CUAACCCUAAC-3’ that directs telomeric 

repeats synthesis53-55. The proper biogenesis, maturation and localization of 

telomerase require the presence of five accessory proteins: Dyskerin, TCAB1, 

NOP10, NHP2 and GAR1, which interact with TR38 (Fig. 5). 
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Figure 5. Cryo-EM based reconstruction of substrate-bound human telomerase holoenzyme. 

Schematic representation of the subunit arrangements of telomerase when bound to its substrate. The 

template region base pairs with the single-stranded telomeric DNA. Adapted from Nguyen et al., 201855 

 

TR has been isolated from several species, including ciliates, yeast and mammals. 

Its length and sequence are not conserved throughout the evolution instead, the 

presence of functional domains has been found also in the other telomerase-

presenting species38,56. In human cells, mature TR (hTR) is a 451 nt-long RNA 

comprising four key conserved structural domains: the pseudoknot/template (PK/t) 

domain, the conserved regions 4 and 5 (CR4/CR5), the H/ACA box and the 

CR755,57,58. At its 5’ end, hTR contains the P1 helix, followed by the pseudoknot and 

the CR4/5 motives forming the catalytic core domain that interacts with hTERT 

subunit. CR4/CR5 domains are characterized by a branched junction of RNA helices 

P5 and P6, and by the activity-critical stem-loop P6.155 (Fig. 6). 

 

Figure 6. Reconstruction of the human telomerase RNA component. Schematic representation of 

hTR secondary structure. Pseudoknot and CR4/5 domains interact with hTERT. H/ACA domains 

harbors Dyskerin, NHP2, NOP10 and Gar1 accessory proteins. CAB domain interacts with TCAB1 

accessory protein Adapted from Nguyen et al., 201855 

 

Thanks to two recently reported cryo-EM structures of telomerase, it has been shown 

that one hTR molecule binds two sets of H/ACA heterotetrameric proteins (GAR1, 

NHP2, NOP10, Dyskerin)55,57: the first H/ACA set of proteins binds the hairpin P4 

stem exclusively via Dyskerin while the second H/ACA set interacts more extensively 

with the 3’ hairpin P7 stem- and CR7 stem-loops. The hTR P7 stem loop interacts 
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primarily with Dyskerin and CR7 permits the interactions with NOP10, NHP2 and one 

TCAB1 molecule59.  

The TERT subunit (127 kDa) contains four domains: a telomerase essential amino 

(N)-terminal (TEN) domain, a telomerase RNA-binding domain (RBD), a reverse 

transcriptase domain (RT, palm and fingers) and a carboxy-terminal element (CTE), 

also known as the thumb domain. Together, RBD, CTE and RT domains form a TERT 

ring structure while TEN domain is connected to RBD by a long linker43 (Fig. 7).  

 

Figure 7. Reconstruction of the human telomerase reverse transcriptase component. Schematic 

representation of TERT domain architecture. TERT comprises four functional domains: TEN, TRBD, RT and CTE. 

Adapted from Nguyen et al., 201855 

 

In the catalytic core of hTERT, the PK/t hTR domain encircles all domains of TERT 

forming extensive interactions, mostly through the RNA backbone. The telomeric 

DNA-hTR duplex is held in the active site of telomerase by interactions with conserved 

motifs of hTERT. The hTR template RNA is embedded within the reverse 

transcriptase domain and, although the telomeric DNA substrate can theoretically 

form up to 6 base pairs with hTR, it has been observed that only 4 base pairs occur 

at the AGGG-3’ end of the substrate57.  

In human cells, the mature telomerase holoenzyme corresponds to a large complex 

of approximately 500 kDa69,70 and its function in vivo requires the assembly with stably 

associated components (such as the dyskerin complex and TCAB1), and with 

transiently associated proteins as pontin, reptin and chaperones like HSP90 and 

TriC60. A fully assembled telomerase includes two dyskerin complexes that bind hTR 

on its two hairpins in the H/ACA domain. Dyskerin and NOP10 interact with hTR, 

GAR1 and NHP2 instead interact with dyskerin and NOP10 55,71,72. 

 

Biogenesis, assembly and trafficking within the cell 
The regulation of telomerase activity occurs through both the control of TERT 

transcription and the post-transcriptional maturation of hTR 3’ end60. The transcription 

from TERT promoter is highly regulated and surprisingly a core TERT-promoter 
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construct, which encompass the TSS, is active in telomerase-expressing human 

cancer cells but also in telomerase-negative fibroblasts suggesting a fine-tuned 

regulation which is mediated not only by the proximal promoter, but also involves 

distal regulatory elements and post-transcriptional regulatory mechanisms60. In 

general, TERT promoter contains native binding sites for ETS family transcription 

factors, and it is silenced by trimethylation of H3 Lys27 (H3K27me3) modification60. 

Furthermore, alternatively spliced variants of TERT mRNA have been reported173. 

hTR in vertebrates belongs to the family of small Cajal body RNAs (scaRNAs) and 

small nucleolar RNAs (snoRNAs). It is transcribed from a dedicated locus on its own 

promoter, differently from sca- and sno-RNAs that are normally encoded in introns, 

and transcribed by RNA Pol II61,62. In normal conditions, hTR transcripts are 451 nt 

long, however a small pool of hTR transcripts that displays a longer sequence has 

been observed. Indeed, hTR is initially transcribed as an extended molecule of around 

461 nt presenting a short untemplated adenosine (A) tail, known as precursor, which 

is lately processed into the mature 451 nt-long RNA60. Additionally, even longer hTR 

precursors have been detected by RT qPCR and may represent either very early 

precursors or unproductive hTR transcripts targeted by the nuclear RNA surveillance 

for degradation63,64. Precursor forms of hTR are oligo-adenylated by the polyA 

polymerase PAPD5 and lately de-adenylated by the polyA ribonuclease PARN that 

preferentially removes untemplated A tails but can also trim the genomic extension of 

precursors in order to produce mature molecules of hTR60. However, the absence of 

both PARN and PAPD5 does not impair hTR transcript maturation indicating that 3’-

5’ exonucleases, in addition to PARN, are responsible for clipping hTR precursors 

into the mature form65. hTR precursors which are not processed into the mature form 

are subjected to degradation through the RNA exosome by the recruitment of NEXT 

and CBC complexes66,67. An additional step of hTR maturation includes the 

hypermethylation of its m7G monomethyl guanosine cap by TGS1. TGS1 mediated 

hypermethylation suppresses hTR accumulation and negatively regulates telomerase 

activity68. The telomerase subunit TCAB1 controls both the catalytic activity and the 

nuclear trafficking of telomerase and is stably bound to telomerase through an 

interaction with the CAB box of hTR. Dyskerin is bound by the NAF1 protein, which 

enables the stable association of dyskerin to telomerase, and the factor SHQ1 that 

facilitates telomerase assembly73-76. Additionally, pontin and reptin, which are both 

AAA+ ATPases, bind to TERT and dyskerin during the S phase, promoting the 
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assembly of telomerase into a stable complex77. HSP90 (chaperone heat shock 

protein 90) drives TERT binding to hTR and the chaperone TriC is required to 

assemble the TCAB1-telomerase complex78-81. TCAB1 targets hTR and its 

associated proteins to Cajal bodies (CBs), nuclear compartments enriched in splicing-

related factors and other RNA-related processes, where they are retained for an 

extended time. hTR exit from CBs is mediated by the recruitment of hTERT and the 

consequent full assembly of the holoenzyme82 (Fig. 8). In 2016, Collins’ group 

demonstrated that a minimized human telomerase expressed in HCT116 cells lacking 

TCAB1 is able to maintain telomeres length165. Moreover, it has been recently 

demonstrated that only a small fraction of hTR molecules is targeted to CBs in a 

TCAB1-dependent manner, suggesting the activation of a backup pathway involved 

in telomerase assembly and telomeres maintenance82. During S phase, the mature 

and fully assembled enzyme is recruited to telomeres. This process will be discussed 

in the next section. 

 

Figure 8. Human telomerase dynamics. hTERT is synthesized in the cytoplasm, hTR instead is 

found in the nucleus. The assembly of hTR and hTERT into the catalytically active telomerase enzyme 

occurs at the Cajal bodies (CBs). Telomerase RNA is recruited to CBs by its interaction with TCAB1 

during G1. In S phase, telomerase is recruited to telomeres as active reverse transcriptase enzyme. 

Adapted from Schmidt and Cech, 201538 

 

Telomerase recruitment to telomeres and regulation of its activity 
Telomere maintenance by telomerase plays a key role in several human 

pathologies and in cancer, thus a better understanding of its biology could lead to new 

therapeutical approaches83. In vitro, the human telomerase can processively 
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synthetize multiple telomeric repeats without dissociating from the telomeric DNA 

substrate.  In vivo, human telomerase has been shown to add about 50-60 nt to most 

of the telomeres during a single processive step in cancer cells84,85. Interestingly, the 

nucleus of a cancer cell contains around 250 fully assembled telomerase holoenzyme 

molecules, a number that corresponds approximately to the number of telomeres 

once the DNA replication has occurred (250 telomerases/184 telomeres in late S 

phase)86,87. The shelterin subunit TPP1 is necessary for telomerase recruitment to 

telomeres70,19,87. POT1, that binds the single-stranded telomeric overhang, is also 

associated with TPP1 via its OB-fold domain and regulates telomerase activity20,89. 

Interestingly, the loss of TPP1 and TIN2 results in less telomerase recruitment to 

telomeres90, while POT1 acts as repressor of telomere elongation82. Telomerase is 

recruited to chromosome ends during the S phase of the cell cycle by a direct 

interaction with the oligonucleotide/oligosaccharide-binding (OB)-fold domain of 

TPP1 shelterin protein and the TEN domain of TERT reverse transcriptase91-94. In 

particular, TERT-TPP1 interaction is driven by a specific patch of amino acids (TEL 

patch) present on the surface of the OB-fold domain of TPP170,90-93. Mutations in 

TPP1 TEL patch cause telomere shortening and severe dyskeratosis congenita95. 

Interestingly, recent live cell imaging-based studies reported that telomerase 

molecules diffuse through the nucleus and form both transient and long-term 

interactions with telomeres favoring a model of “Recruitment-Retention” to explain 

telomere elongation in human cells82,96. According to this model, telomerase is firstly 

recruited to telomeres through an interaction with TPP1, leading to a series of short 

and highly diffusive telomere-telomerase associations. A fraction of telomerase 

molecules is retained at telomeres through base-pairing of the hTR template 

sequence with the single-stranded telomeric overhang resulting in long-lasting static 

telomerase-telomere interactions82,97. These telomeric hTR molecules present a 

longer time of residence and slow diffusive properties, and they are considered to be 

actively elongating the telomere82,97. Thus, while most telomeres have been 

described to be elongated by telomerase during each cell division in human cancer 

cells84, in the same cellular setting only few telomeres (from 1-4) have been shown to 

stably associate with telomerase at any given time82,96. Interestingly, POT1 is involved 

in the regulation of telomerase activity at telomeres by competing with hTR for the 

binding of the single-stranded telomeric overhang98. In line with these findings, the 
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expression of an OB-fold mutated POT1 in HeLa cells resulted in enhanced 

telomerase retention and telomere overelongation82,98 (Fig. 9).  

 

Figure 9. Proposed model for telomerase recruitment to telomeres. Telomerase is able to 

establish short and dynamic interactions with the telomeric repeat DNA. These interactions become 

stable at the single-stranded end if telomere elongation is needed. POT1 can act as inhibitor of the 

telomerase binding to the telomeres. Adapted from Laprade et al., 202082 

 

In addition to POT1, other telomeric proteins inhibit telomerase activity at telomeres. 

In particular, the CST complex, a conserved trimeric complex comprising the subunits 

CTC1, STN1 and TEN1, is bound to the telomeric 3’ overhang to assists the DNA 

replication at chromosome ends by stimulating the DNA polymerase a-primase99-101. 

Additionally, this complex restricts telomeres extension by limiting the access of 

telomerase to the telomere and inhibiting the TPP1-POT1-dependent telomerase 

stimulation102,174. Through this mechanism, the CST complex could facilitate the 

switch from telomerase-mediated elongation to fill-in synthesis of telomeres60.  
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TERRA 
Chromosome ends are characterized by the presence of heterochromatic features 

such as histone H3 trimethylated at lysine 9 (H3K9me3), histone H4 trimethylated at 

lysine 20 (H4K20me3), H3K27me3, methylated cytosines and by the presence of 

Heterochromatin Protein 1 a (HP1a)103,104. The heterochromatic state has been 

shown to be fundamental for telomeric integrity maintenance and to regulate both the 

ALT mechanism and telomerase activity105. This epigenetic signature combined with 

the gene-less structure of telomeres and their ability to silence transcription of 

experimentally inserted genes (a process known as Telomere Position Effect, TPE), 

supported for long time the idea that telomeres are transcriptionally silent106. 

However, in 1989 Rudenko and Van der Ploeg identified for the first time a 

heterogeneous population of RNAs containing telomeric repeats in Trypanosoma 

brucei107. In 2007, telomeric transcription was proven and characterized also in 

mammals. These studies demonstrated that telomeres are actively transcribed by 

RNA Polymerase II (RNA Pol II) into a family of long non-coding (lnc) RNA transcripts, 

known as TERRA107,108.  

 

The structure of TERRA transcripts 
The expression of the Telomeric Repeat-Containing RNA (TERRA) has been 

observed in different organisms including yeast, zebrafish, mouse and human108-111. 

TERRA transcription is driven by RNA Pol II, that utilizes as transcription template the 

telomeric C-rich strand113, starting from transcriptional start sites (TSSs) located in 

the subtelomeric regions of chromosomes and terminating within the region of 

telomeric repeats114,115. Therefore, each TERRA transcript is composed of a 

subtelomeric-specific sequence at its 5’ end, that allows the discrimination of the 

different TERRA populations expressed by distinct telomeres, and a canonical 

telomeric tract of UUAGGG repeats at its 3’ end which is shared among TERRA 

transcripts expressed from all telomeres116. Both during and after transcription, 

TERRA is subjected to co- and post-transcriptional modifications and the RNA 

processing mechanisms vary among TERRA transcripts resulting in biochemically 

different fractions of transcripts that have remarkably different biological functions113. 

As TERRA is transcribed by RNA Pol II, it presents a canonical 7-methylguanosine 

cap at its 5’ end, like most coding RNA species, and only a small fraction (about 7% 
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in HeLa cells) contains a poly-A tail at its 3’ end which affects its stability and affinity 

to chromatin113,117,118 (Fig. 10). We have recently observed that TERRA 

polyadenylation occurs preferentially on transcripts expressed from specific 

telomeres and that the mechanisms of TERRA stability regulation are also telomere-

specific175. A recent study indicates that TERRA transcripts are m6A-modified within 

subtelomeric sequences by METTL3 enzyme. This modification contributes to the 

stability of TERRA transcripts in ALT cancer cells176. Thus, the mechanisms 

coordinating TERRA stability are fine-tuned and regulated in a telomere specific 

manner. Importantly, the G-rich 3’ end sequence of TERRA has been shown to form 

RNA G4 structures147; these structures are important for the regulation of TERRA 

functions and localization at telomeres, as discussed in the following paragraphs.  

 

Figure 10. Schematic representation of human TERRA transcripts. TERRA transcription starts 

from the subtelomeric region and proceeds towards the chromosome end. The vast majority of TERRA 

molecules present a 5’ 7-methylguanosine cap (7meG) and only a small fraction is polyadenylated in 

human cells. Adapted from Azzalin C.M., Lingner J., 2015116 

 

Regulation of TERRA expression 
TERRA transcription relies on promoters located within the subtelomeric region of 

chromosomes. In humans, a subset of TERRA promoters is positioned in proximity to 

the telomeric repeat tract and is characterized by the presence of both CpG islands 

and conserved repetitive regions known as “61-29-37 repeats”114. Moreover, a 

second class of promoters has been recently identified about 5 to 10 kb upstream of 

the telomeric tract of 10 distinct chromosome ends in HeLa cells115,119. Both groups 

of TERRA promoters show binding sites for CTCF (CCCTC-binding factor), a 

transcription regulator factor whose loss results in reduced TERRA levels due to a 

decreased recruitment of RNA Pol II at telomeres120. The presence of different 

promoters and the distinct distances of TSSs from the telomeric tract of chromosome 
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ends contribute to the heterogeneous length of TERRA molecules which vary in size 

from 100 nt to 9 kb in humans108 and from 100 nt to 1.2 kb in S. cerevisiae. 

Additionally, while the 3’ end of TERRA shows a rather constant length of the 

UUAGGG tract (as detected by modified protocols of RT-qPCR)113, the length of 

TERRA was also demonstrated to positively correlate with the length of the telomeres, 

suggesting that the 3’ end of TERRA can be heterogeneous114,121. Altogether, these 

data indicate a contribution of both 5’ and 3’ ends of TERRA in determining the 

heterogeneity in length of TERRA transcripts.  

TERRA expression is further regulated by the heterochromatic state of telomeres and 

subtelomeres. In particular, TERRA levels are negatively affected by the presence of 

H3K9me3 and H4K20me3 at telomeric and subtelomeric regions, as well as by DNA 

methylation at CpG island-containing promoters109,114. In this regard, embryonic stem 

cells (ESCs) and induced pluripotent stem cells (iPSCs), which are characterized by 

lower methylation state of H3K9 and H4K20 compared to differentiated fibroblasts, 

show high levels of TERRA122. Additionally, histone acetylation and H3K4 methylation 

associate with increased TERRA levels in human cells118,123. Notably, a number of 

transcription factors has been observed to positively regulate TERRA expression, 

including Rb, p53 and the heat shock factor 1 (HSF1), and different studies have 

reported their involvement in the regulation of TERRA expression upon cellular 

stress124-126. Interestingly, TERRA expression is also regulated during the cell cycle 

as TERRA levels have been shown to peak during the G1 phase, then to 

progressively decrease during S phase until reaching the lowest expression during 

the transition from late S to G2 phase and to raise again during mitosis113,127. Notably, 

this cell cycle regulation of TERRA expression has been observed in both yeasts and 

human cells113,127. 

 

Subnuclear localization 
In mammalian cells, TERRA transcripts are mostly found in the nucleus128 while in 

yeast they were observed also in the cytoplasm, upon metabolic stress129. In 

mammalian cells, the non-polyadenylated TERRA pool can be found both in the 

nucleoplasm and chromatin-bound, while polyadenylated TERRA transcripts mainly 

localize in the nucleoplasm108,113. Interestingly, poly-A transcripts are more stable, 

displaying a longer half-life (8 hours) as compared to the non-poly-A TERRAs (around 
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3 hours)113. Recently, shorter fragments of TERRA molecules (around 400 nt in 

length) consisting principally in UUAGGG sequences have been reported in exosome 

fractions in the cytoplasm of human cells. These TERRA fragments are released in 

the extracellular environment and have been proposed to act as pro-inflammatory 

molecules in responsive cells130,131. A fraction of TERRA transcripts localizes at 

telomeres thanks to their direct interaction with TRF1 and TRF2 proteins of the 

shelterin complex as well as with several components of telomeric heterochromatin, 

including the histone methyltransferase SUV39H1, ORC1 (Origin of Replication 1) 

and PRC2 (Polycomb Repressive Complex 2)118,132. TERRA localization at telomeres 

is regulated by specific hnRNPs in mouse cells and components of the nonsense 

mRNA decay (NMD) pathway in human cells which can actively displace TERRA 

transcripts from chromosome ends108,112. Interestingly, TERRA is able to localize at 

telomeres not only through interaction with TRF1 and TRF2 but also by direct base-

pairing with the C-rich strand of telomeric repeats, forming RNA:DNA hybrids, known 

as R-loops133. In vitro, the establishment of R-loops has been observed to be RAD51 

DNA recombinase-dependent, as this enzyme can promote homology search and 

TERRA strand invasion. Interestingly, recent evidence indicates that BRCA2 (BReast 

CAncer type 2 susceptibility protein) facilitates TERRA-RAD51 association, while 

BRCA1 counteracts R-loops formation by resolving them in collaboration with SETX 

(Senataxin) and XRN2 (5’-3’ RNA exonuclease 2)134. Chromosome ends are 

particularly prone to form RNA:DNA hybrids in ALT cells, due to the presence of 

higher levels of TERRA, as compared to telomerase positive cells. This feature 

underlines the importance of R-loops in facilitating HR-mediated telomere 

maintenance and in modulating the chromatin state in ALT cells135,136. On the other 

hand, R-loops can be a source of genomic instability at telomeres because they can 

represent an obstacle for the DNA replication machinery potentially leading to 

collapsed replication forks and activation of DDR pathway137-149. For this reason, R-

loops formation and accumulation at telomeres are controlled by different 

mechanisms, such as BRCA1-mediated resolution or expression and activation of the 

RNase H1 enzyme134,135,140. As also subtelomeric regions present a high CG content 

in their sequence downstream of TERRA TSSs, R-loops can form not only at 

telomeres but also at subtelomeres through base-pairing of the 5’ end of TERRA with 

its DNA template141. Thus, multiple mechanisms are involved in the regulation of 

TERRA expression and localization at telomeres, underlining the key role that these 
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transcripts, which are also highly conserved throughout the evolution, play in telomere 

biology. 

 
TERRA roles 

Several functions have been proposed for TERRA in different organisms, but the 

molecular mechanisms of its biological roles remain still largely elusive yet116. In 

mammals, TERRA RNA has been proposed to participate in heterochromatin 

formation at telomeres by acting as a scaffold molecule to mediate the recruitment of 

epigenetic factors to chromosome ends (Fig. 11C). In this regard, TERRA can interact 

with several heterochromatic marks, such as H3K9me3, HP1 protein and SUV39H1, 

and with chromatin remodeling factors including NoRC (Nuclear Remodeling 

complex)142, MORF4L2 (component of the NuA histone acetyl transferase complex), 

and ARID1A (component of the BAF-type SWI/SNF nucleosome remodeling 

complex)143. It has been shown that TERRA depletion results in decreased 

association of H3K9me3, HP1 and SUV39H1 at telomeres, supporting the hypothesis 

of TERRA as one of the major contributors to heterochromatic factors recruitment at 

telomeres115,121,144. Moreover, TERRA has been found to associate with the histone 

methyl transferase PRC2 which is responsible for H3K27me3 deposition145. In the 

U2OS cell line, TERRA G-quadruplex structures can promote TERRA-PRC2 

interactions leading to the deposition of H3K9me3, H4K20me3, H3K27me3 and HP1 

protein to telomeres145. It has also been shown that TERRA G-quadruplexes are 

recognized as binding targets for other telomere-binding proteins, including the 

translocated in liposarcoma/fused in sarcoma (TLS/FUS) protein146 and TRF2 

shelterin subunit144,147. As TLS/FUS associates with the histone methyltransferase 

SUV4-20H2, TERRA-TLS/FUS interaction can boost heterochromatin establishment 

by promoting H4K20me3 at telomeres146. A tight regulation of TERRA levels and 

localization is fundamental to maintain telomere and chromosome stability (Fig. 11A), 

indeed both TERRA upregulation and downregulation lead to telomere-dysfunction 

induced foci (TIFs) formation as a consequence of the DDR pathways activation. 

Moreover, the unscheduled association of TERRA to telomeres results in TIFs 

formation and chromosome abnormalities110,148. Impairment of TERRA transcription 

by mutation in subtelomeric CTCF binding sites leads to increased sensitivity to 

replicative stress of the TERRA depleted telomere, resulting in sister-telomere loss, 

ultra-fine anaphase bridges and micronuclei149. On the other hand, a boost in TERRA 
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transcription results in an increased recruitment of LSD1 at telomeres that stimulates 

the activation of the NHEJ DNA repair pathway through the MRN complex (MRE11, 

RAD51, NBS1) and the consequent formation of telomere fusion events150. 

Additionally, when TERRA-interacting members of the hnRNP family or EST1A and 

UPF1 (components of NMD pathway) are silenced, an increased TERRA localization 

at telomeres can be observed in spite of TERRA levels remaining unaltered108,151. 

This condition also results in DDR pathways activation at telomeres and consequent 

loss of telomeric DNA integrity. Altogether, these findings underline the importance of 

a fine-tuned regulation of TERRA expression and localization in order to maintain 

telomere function and genome stability. Interestingly, several studies reported a key 

role for TERRA in telomere maintenance in ALT cancer cells (Fig. 11B). ALT cells are 

characterized by high TERRA expression levels and TERRA accumulation at 

telomeres throughout the cell cycle152. Telomeric R-loops are also detected at high 

levels in ALT cells, and they have been proposed to promote HR at telomeres, 

sustaining the ALT phenotype135. Indeed, inhibition of the RNase H1135 or the 

ATPase/helicase FANC-M153, which are known to disassemble R-loops at ALT 

telomeres, increased telomere instability and ALT activity; conversely, 

overexpression of RNase H1 or FANC-M has been shown to impair the ALT 

mechanism, pointing to R-loops as key regulators of ALT135,139,153,154.  

Importantly, TERRA has been shown to regulate telomerase activity. The interplay 

between TERRA and telomerase will be illustrated in the following paragraph.  



 

 29 

 

Figure 11. Proposed TERRA functions in mammals. A) TERRA together with the shelterin complex 

is implicated in chromosome ends protection by assembling secondary protective structures which 

include R-loops, T-loops and G-quadruplexes. B) In ALT+ cells, TERRA promotes telomere elongation 

by promoting homologous recombination. C) TERRA acts as remodeler of telomeric chromatin 

structure through an antagonistic interaction with ATRX. Adapted from Kroupa et al., 2022172 

 

TERRA as key regulator of telomerase activity: an open debate in the field 
Telomerase activity and processivity regulation is essential in determining telomere 

length and therefore it is tightly regulated by several co-factors. One of the first 

biological functions proposed for the lncRNA TERRA was to act as a natural inhibitor 

of telomerase by blocking telomerase-telomere interaction thanks to its ability to base-

pair with the template sequence of TERC (5’-CUAACCCUAAC-3’ in 

mammals)109,156(Figure 12A). In 2008, Schöftner and Blasco showed that short 

TERRA-like oligonucleotides are capable of inhibiting telomerase activity both in 

human and mouse cell extracts and that there is a correlation between high TERRA 

expression and short telomere length in various cell lines, supporting the idea of 

TERRA as negative regulator of telomerase109. A landmark study by Redon and 

colleagues showed that TERRA is associated with both hTR and hTERT by co-

immunoprecipitation experiments performed in HeLa cells, suggesting that TERRA 

interacts with telomerase also in vivo156. Moreover, in vitro TERRA-hTR interaction is 

abolished when hTR sequence is mutated, further supporting the idea of TERRA as 
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negative regulator of telomerase activity155. Further studies in mouse embryonic stem 

cells obtained a co-purification of TERRA with TERC RNA and interestingly, the 

knockdown of TERRA resulted in increased telomerase activity and increased DNA 

damage at telomeres148. To validate the hypothesis of TERRA acting as negative 

regulator of telomerase, several studies overexpressed TERRA in isogenic cells in 

order to assess TERRA impact on telomere length and telomerase activity. 

Surprisingly, TERRA overexpression in mammalian cells did not inhibit telomere 

elongation by telomerase. Indeed, TERRA overexpression from a transcriptionally 

inducible telomere did not impact the elongation of this telomere157. On the other 

hand, the ectopic expression of inducible TERRA-like transcripts in human cancer 

cells resulted in telomerase activity inhibition by TRAP assay. Still, cells expressing 

TERRA-like transcripts did not showed reduced telomeres length158. Furthermore, 

cells lacking the DNA methyltransferase DNMT1 and DNMT3A/B present 

hypomethylation of CpG islands in subtelomeric promoters and consequent 

overexpression of TERRA114,159. Farnung et al. studied HCT116 cells lacking both 

DNMT1 and DNMT3B and observed a normal telomerase activity and an efficient 

elongation of telomeres157. These findings suggest that TERRA overexpression does 

not inhibit telomerase activity at telomeres. Similar results have also been obtained in 

fibroblasts from ICF (immunodeficiency, centromeric region stability and facial 

anomalies) syndrome type 1 patients. These patients present a loss-of-function 

mutations in the DNMT3B gene which leads to reduced methylation of CpG elements 

in subtelomeric promoters and increased TERRA transcription, and interestingly ICF-

patient derived cells present abnormally short telomeres compared to fibroblast from 

healthy individuals160. Even if TERRA is overexpressed in this condition, the high 

TERRA levels do not prevent the reactivation of telomerase during iPSCs generation 

from ICF fibroblasts, and consequent telomere elongation. Altogether, these findings 

show that high TERRA levels are not sufficient to inhibit telomerase activity155. 

Intriguingly, in yeast TERRA has been proposed as a positive regulator of telomerase-

mediated telomere elongation (Figure 12B). In budding yeast, TERRA expression is 

induced at short telomeres and TERRA transcripts act as scaffold to promote 

telomerase nucleation, favoring its recruitment to the TERRA telomere of origin for 

subsequent elongation161. A similar function for TERRA has been demonstrated also 

in fission yeast162.  
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Figure 12. Proposed telomerase activity regulation by TERRA. TERRA can bind to hTR through 

base pairing and compete with the telomeric DNA for this binding. A) TERRA sequence is 

complementary to the template region of hTR. For this reason, TERRA is thought to inhibit telomerase 

activity by blocking its binding site for the telomeric ssDNA. However, conflicting evidence on the 

function of TERRA in telomerase regulation have been reported in human cells. B) In yeast, TERRA 

has been shown to cluster with hTR in order to recruit telomerase to short telomeres and promote 

telomere elongation. Adapted from Kroupa et al., 2022172 

 

Altogether, these findings indicate that TERRA interacts with telomerase in human 

cells. However, conflicting results are present in literature on the correlation between 

TERRA levels and telomerase activity. Indeed, while TERRA knockdown associates 

with increased telomerase activity, other studies have shown that overexpression of 

TERRA does not inhibit telomerase in different cellular setting. Perhaps, to confound 

even more this scenario is also the function of TERRA as positive regulator of 

telomerase observed in yeast.  

To reconcile these results, we hypothesized that the role of TERRA in telomerase 

regulation may be dependent not only on TERRA levels but also, and perhaps even 

more importantly, on the localization of TERRA transcripts. However, direct 

visualization of both TERRA and telomerase in human cells has not yet been 

achieved. For this reason, it remains unclear whether TERRA-telomerase interaction 

occurs at Cajal bodies, where hTR maturation is presumed to occur, in the 
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nucleoplasm, or at telomeres. Each of these scenarios would underline distinct 

mechanisms of TERRA-mediated telomerase regulation. 

In order to gain insight into the function of TERRA in telomerase activity, I thus set 

out to study TERRA and telomerase localization in human cancer cells in different 

cellular settings.  
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AIMS OF THE THESIS 
 

TERRA has been shown to interact with telomerase, however conflicting evidence 

on its role in the regulation of telomerase in human cells are reported in literature. 

Therefore, the influence of TERRA on telomerase activity in humans remains elusive.  

The main aim of this PhD project is to gain insights into the function of TERRA 

transcripts in the regulation of telomerase. I hypothesized that a fine-tuned control of 

TERRA localization may be the key for this function. Thus, I set out to visualize both 

TERRA and the telomerase RNA hTR using single molecule inexpensive RNA FISH 

(smiFISH) and confocal microscopy. 

I applied different approaches to study TERRA and hTR localization during telomere 

length homeostasis and used antisense oligonucleotides targeting TERRA molecules 

to investigate their function in the regulation of telomerase. 

The findings here reported suggest that telomeric TERRA transcripts act as negative 

regulators of telomerase activity in humans. Displacement of TERRA from telomeres 

may represent a mechanism for telomerase regulation. These results will enable to 

reconcile conflicting evidence on TERRA expression levels and telomerase activity in 

human cells.  

Furthermore, given the crucial role of telomerase in tumorigenesis, this information 

may unveil novel avenues for cancer treatment. 

 

A manuscript with the results presented in this thesis is in preparation and will be 

submitted soon. 
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MATERIALS AND METHODS 
 

Cell culture 
HeLa (ATCC CCL-2), HCT116 (ATCC CCL-247) and Phoenix cell lines were 

cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco), 2 mM 

L-Glutamine (Gibco), 100 IU/mL penicillin, and 100 µL streptomycin solution (Gibco). 

Cells were passaged every 48-72 hours, incubated at 37°C with 5% CO2 and regularly 

tested for mycoplasma contamination.  

 

Telomere shortening 
To induce progressive telomere shortening, cells were treated with 10 µM BIBR1532 

(Cayman chemical) compound for more than 120 population doublings (PDs). 

Medium was freshly added to cells every 48-72 hours. To the untreated controls 

solvent (DMSO) only was administered.  

 

In vitro knock-down of TERRA and TCAB1  
 For TERRA depletion, cells were grown at a 50% confluence on 6-wells plates 

and transfected with 200 nM Antisense Oligonucleotides (ASO) LNA Gapmers 

(Qiagen) specifically designed to target TERRA (Validated by Chu et al.148) using 

Oligofectamine transfection reagent (Thermo Fisher Scientific) for 48 hours following 

the manufacturer’s instructions. A Scrambled LNA was used as negative control 

(Qiagen). After transfection, RNA extraction or cell fixation were performed as 

described later. Transfection efficiency was previously assessed by transfecting an 

oligonucleotide labelled with FAM fluorophore and observed at 24 and 48 hours post 

transfection by fluorescence microscopy. For TCBA1 knock-down, cells were grown 

at a 50% confluence on 6-well plates or 10 cm Petri dishes and transfected with 50 

nM siRNA against TCAB1 or control siRNA (SMART pool, Dharmacon) for 48 hours 

using JetPRIME (Polyplus) transfection reagent according to the manufacturer’s 

instructions. After transfection, proteins extraction or cell fixation were carried out as 

reported in cell lysis and immunoblotting section.  
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Table 1: List of oligonucleotides used. 

 

Generation of retroviral particles and cell transduction 
Retroviral particles were produced in Phoenix cells. Cells were seeded in antibiotic-

free medium and co-transfected with pCMV-VSV-G (a gift from Pascal Chartrand, 

Addgene plasmid #8454) and the required plasmid (pLPC myc hPOT1, Addgene 

plasmid #12387; pLPC myc hPOT1 ΔOB, Addgene plasmid #13241) using calcium 

phosphate177. 24 hours after transfection, cells were grown for maximum 8 hours in 

medium enriched with 10 mM Sodium Butyrate (Sigma). Supernatants were 

harvested 48 hours after transfection, filtered using 0.22 µm Primo Syringe Filters 

(Euroclone) and precipitated overnight in PEG-8000 (Sigma). The following day, the 

viral particles were centrifuged at 2000 xg for 15 minutes and, after carefully removing 

the supernatant, resuspended in medium without serum. Aliquots of viral particles 

were stored at -80°C. Cells between 50% and 70% of confluence were transduced 

with frozen stocks of viral particles in medium enriched with 8 µg/mL Polybrene. The 

virus-containing medium was replaced with fresh one 24 hours after transduction and 

cells were grown in an antibiotic-containing medium for 7 days. The proper 

concentration of antibiotic was previously assessed by setting up a toxicity curve per 

each cell line. 
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Immunofluorescence microscopy 
Cells were seeded on 22x22 mm glass coverslips (Prestige), previously stripped with 

1 M HCl, sterilized and stored in 100% Ethanol, and fixed directly fixed in 4% PFA 

(Electron Microscopy Science) in 1X PBS for 20 minutes at room temperature. After 

fixation, cells were washed twice in 1X PBS and kept at +4°C for maximum 1 month 

or directly permeabilized in 0.5% Triton X-100 1X PBS for 5 minutes at room 

temperature. After two rinses in 1X PBS, permeabilized cells were blocked with 2% 

BSA in 0.1% Triton X-100 1X PBS for 3 hours and then stained for 1 hour at room 

temperature with the appropriate primary antibody diluted in blocking solution (Novus 

Biological, mouse antiTERF2-IP, 1:500). Cells were washed six times for 5 minutes 

with 0.1% Triton X-100 1X PBS and incubated with the appropriate species-specific 

fluorescent secondary antibody (Thermo Scientific, goat anti mouse AF488, 1:1500) 

for 1 hour. After incubation, cells were washed again for six times for 5 minutes with 

0.1% Triton X-100 1X PBS and stained with 1ng/µL DAPI in 1X PBS for 8 minutes. 

After washing cells twice with 1X PBS, coverslips were mounted in ProLong Diamond 

Antifade Reagent (Invitrogen) on precleaned glass slides.  

 

smiFISH microscopy 
The smiFISH protocol is divided in the following steps: 

 

Probe preparation  

As described by Querido et al.163, smiFISH technique requires the hybridization 

between primary probes, which recognize the RNA of interest, and fluorescently 

labelled secondary “FLAP” probes. The hTR smiFISH probeset is prepared as a 20 

µM equimolar mixture (1.33 µM each) of 15 different hTR-specific probes (Table 2) in 

milliQ water. For TERRA smiFISH probeset instead, a single 20 µM primary probe 

(Table 2) in milliQ water was used. smiFISH probesets consist of 40 pmol of specific 

primary probe mixed together with 50 pmol of FLAP probe and 1X NEB3 solution (100 

mM NaCl, 50 mM Tris-HCl pH 8, 10 mM MgCl2) in a final volume of 10 µL. Primary 

probesets were annealed with FLAP oligos in a PCR thermocycler (85°C for 3 

minutes, 65°C for 3 minutes, 25°C for 5 minutes). Dual-color smiFISH was performed 
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by annealing each specific probeset with its FLAP probe in a separate tube and once 

annealed mix together in the hybridization buffer. 

 

Table 2: List of primary and secondary “FLAP” probes used for smiFISH experiments. To detect 

TERRA 1 specific probe named “TERRA probe” was used, whereas for hTR detection a mix of 15 

different specific probes (hTR probe 1-15) was used. TERRA probe was annealed with the secondary 

probe FLAP Y-AF647, the hTR pool of primary probes was annealed with the secondary probe FLAP 

Y-AF555. 
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Cells fixation and probe hybridization 

The smiFISH protocol was adapted from Querido et al.163 Cells were grown on 22x22 

mm glass coverslips and fixed in 4% PFA (Electron Microscopy Science) for 20 

minutes at room temperature. After washing two times with 1X PBS, cells were kept 

at +4°C for maximum 1 month or directly permeabilized in 0.5% Triton X-100 1X PBS 

for 5 minutes at room temperature. Control samples were treated with 300 U/mL 

RNase T1 (Macherey-Nagel) and 200 U/mL PureLink RNase A (Invitrogen) for at least 

2 hours at 37°C. Once permeabilized, samples were incubated at room temperature 

with 1X SSC 15% Formamide for 40 minutes (at least 15 minutes of incubation are 

required) and placed cell-side down on a 50 µL drop of hybridization buffer (1X SSC, 

15% Formamide, 4.5 mg/mL BSA, 10.6% Dextran Sulphate, 2 mM VRC, 0.4 mg/mL 

yeast tRNA, 1 µL annealed probeset) in an air-tight hybridization chamber protected 

from light overnight at 37°C. The following day, coverslips were placed cell-side up in 

a clean 6-well plate and washed twice with 1X SSC 15% formamide for 30 minutes at 

37°C. After two rinses with 1X PBS, cells were stained for 8 minutes with 1 ng/µL 

DAPI in 1X PBS, washed again with 1X PBS and finally mounted with ProLong 

Diamond Antifade Mountant on precleaned glass slides.  

 

smiFISH combined with Immunofluorescence microscopy 
The combination of smiFISH and IF techniques imply to perform smiFISH (as 

described above) as first step. After washing twice in pre-warmed 1X SSC 15% 

formamide, cells were washed twice in 1X PBS before proceeding with the IF protocol, 

as described above.  

 

smiFISH-IF image acquisition and quantification 
All images were acquired as a 0.30 µm Z-stack using a confocal laser scanning 

Leica TCS SP8 inverted microscope (Leica Camera AG) with a plan apochromatic 

63X/1.40 oil immersion objective and 2X zoom. Normal photomultipliers (PMTs) were 

used to detect telomeres and DAPI signals while a Hybrid Detector (HyD) was used 

to image both TERRA and hTR-derived smiFISH signals. Optimal acquisition 

parameters such as nm range of excitation, gain, offset and laser power were 
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optimized for the visualization of each fluorophore at the beginning of the acquisition 

and maintained throughout each experiment. Images were acquired with a 

2048x2048 resolution using Leica Application Suite X (LAS X) imaging software. Post-

processing of acquired images, including background subtraction and image editing, 

was performed by Fiji software (version 2.3.0/1.53o), a distribution of ImageJ 

software. For the quantification of hTR and TERRA single molecule signals, analysis 

of the image stacks in 3D was performed taking advantage of 3D ImageJ Suite plugin 

created by Thomas Boudier182. To quantify the colocalizations between two 

populations of signals an object-based method was used. As first, an initial 

segmentation of fluorescent signals is required to identify objects (TERRA, hTR and 

telomeric foci and clusters) and to subsequently proceed with the analyses of their 

spatial distribution through distance analysis algorithm by using DiAna plugin183. 

Briefly, after determining the optimized threshold and background subtraction for all 

the signals, DiAna segmented and labelled each object of two different images at a 

time and evaluated the overlaps between them. Threshold and size parameters used 

for the object segmentation were kept constant for all the images. Two objects (A and 

B) are considered overlapping by DiAna when at least 1 voxel of object A colocalizes 

with 1 voxel of object B. DiAna output reports not only the number of colocalization 

events but also their xyz position and signal-specific integrated density. A semi-

automated pipeline was designed by Dr. Michela Roccuzzo (CIBIO imaging facility) 

and optimized by Irene Gialdini, a former lab member.  

 

DNA-FISH combined with IF  
DNA-FISH protocol was adapted from Rossiello, Fumagalli and d’Adda di Fagagna 

2013178. Cells seeded on 22x22 mm glass coverslips, previously stripped with 1 M 

HCl and sterilized with 100% Ethanol, were fixed for 20 minutes at RT with 4% PFA 

in 1X PBS after reaching the required density and permeabilized with 0.2% Triton X-

100 in 1X PBS for 10 minutes. Subsequently, cells were blocked with 1X PBG (0.2% 

Fish Gelatin, 0.5% BSA, 1X PBS) for 1-6 hours, incubated with a primary antibody 

against RAP1 diluted 1:500 in 1X PBG for 1 hour, washed 3 times with 1X PBG and 

incubated for 1 hour with the proper secondary antibody diluted 1:1500 in 1X PBG. 

After washing two times in 1X PBG and in 1X PBS, cells were post-fixed and 

simultaneously permeabilized in 4% PFA 0.1% Triton X-100 for 10 minutes. At this 

point, cells were incubated for 30 minutes at room temperature with glycine 10 mM 
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diluted in milliQ water and washed 3 times for 5 minutes with 1X PBS. Coverslips 

were then inverted cell-side down on a 40 µL drop of hybridization mixture (70% 

Formamide, 1X Blocking reagent Roche, 10 mM Tris-HCl pH 7.4, 0.5 µM Telomeric 

PNA FAM probe) spotted on a precleaned glass slide, placed on a heat-block for 5 

minutes at 80°C and let hybridize in a humified chamber for 2 hours at room 

temperature protected from light. Following hybridization, coverslips were placed cell-

side up on a clean 6-well plate and washed two times for 15 minutes with Wash 

Solution I (70% Formamide, 0.1% BSA, 10 mM Tris-HCl pH 7.4) and 3 times with 

Wash Solution II (100 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.07% Tween 20). After a 

quick rinse with 1X PBS, cells were stained for 8 minutes with 1 ng/µL DAPI in 1X 

PBS, washed again with 1X PBS and finally mounted with ProLong Diamond Antifade 

Mountant on precleaned glass slides. All images were acquired as a Z-stack on a 

spinning disk Eclipse Ti2 inverted microscope (Nikon Instruments Inc), equipped with 

Lumencor Spectra X Illuminator as LED light source, an X-Light V2 Confocal Imager 

and an Andor Zyla 4.2 PLUS sCMOS monochromatic camera using a plan 

apochromatic 100x/1.45 oil immersion objective. Images were analyzed and 

assembled with Fiji, an ImageJ software.  

 

Cell lysis and immunoblotting 
Cells were harvested by scraping in 1X ice-cold PBS and lysed for 20 minutes on 

ice in 150 mM NaCl, 1% IGEPAL, 0.5% Sodium deoxycholate, 0.1% SDS, 25 mM 

Tris pH 7.4, 1 mM PMSF, one tablet/10 mL Pierce Protease Inhibitors Mini Tablets, 1 

mM EDTA (RIPA buffer). Protein concentration was determined by Bradford 

(Invitrogen) assay using a spectrophotometer. For immunoblotting analysis, equal 

amounts of proteins were resolved on 8-10% polyacrylamide self-made gels and 

electroblotted on Polyvinylidene Difluoride (PVDF) membranes (Bio-Rad) using a wet 

transfer. 5% non-fat skim milk (Sigma) in TBS-Tween 0.1% was used as blocking 

solution. Membranes were incubated overnight at 4°C with primary antibodies diluted 

in TBS-Tween (20 mM Tris base pH 7.4, 150 mM NaCl, 1% Tween 20) and then 

incubated with Horseradish peroxidase (HRP)-conjugated secondary antibody 

(Abcam) for 1 hour at room temperature. Immunoreactive bands were detected by 

SuperSignal West Pico PLUS Chemiluminescent substrate ECL (Invitrogen) using a 

Chemidoc XRS+ Biorad.  
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RNA isolation 
Total RNA was isolated from cells using TRIzol reagent (Thermo Scientific) 

according to manufacture instructions. Briefly, cells cultivated on 10 cm Petri dishes 

were lysed with 1 mL of TRIzol Reagent, scraped and collected in sterile tubes. After 

10 minutes incubation at room temperature, 200 µL of Chloroform were added to the 

lysates, the samples were mixed by vortexing and incubated for 15 minutes at room 

temperature. After centrifuged at 4°C, the upper aqueous phase was collected, 500 

µL of Isopropanol were added to the tubes and mixed by inversion. After a 10 minutes 

incubation, samples were centrifuged at 4°C. The pellet was washed 2 times with 

70% EtOH and finally resuspended in the appropriate volume of nuclease and 

RNAse-free water. If needed, RNA samples were precipitated adding 1/10 of total 

volume of 3 M NaAc pH 5.2 and 2 volumes of 100% EtOH. RNA concentration and 

purity were assessed using Nanodrop 1000 Spectrophotometer and integrity checked 

on a 1% Agarose 1X MOPS pH 7 (20 mM MOPS, 2 mM Sodium Acetate, 1 mM EDTA) 

gel. 

 

RT-qPCR 
Total RNA was treated with DNase I (Thermo Scientific) for 1 hour at 37°C. The 

integrity of DNase I treated RNAs was confirmed by loading them on a 1% Agarose 

1X MOPS gel. Afterwards, RNAs were reverse transcribed with either TERRA RT, 

hTR RT or random hexamers primers using the Superscript III RT enzyme (Thermo 

Scientific), following manufacturer’s protocol. TERRA and hTR expression levels at 

different human subtelomeres were monitored via quantitative PCR using KAPA 

SYBR FAST qPCR Mastermix (KAPA Biosystems) by running 50 ng of RT reaction 

in triplicates in a CFX Touch Real-Time PCR Detection System (Bio-Rad) or a 

QuantStudio5 PCR machine (ThermoFisher). Ct values were extracted using a Bio-

Rad CFX Manager Software or QuantStudio Design and Analysis (ThermoFisher), 

expression values were normalized to the geometric mean of U6 or GAPDH 

housekeeping genes and the relative quantification presented as linearized Ct values 

(2-DDCt), normalized to the wild-type untreated reference values. All primers used in 

this thesis were purchased from Metabion and Eurofins Genomics and are listed in 

Table 3. 
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Table 3: List of primers for RT-qPCR used for TERRA and hTR expression levels analysis. 
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Northern Blotting and probe preparation 
Total RNA was extracted from cells using TRIzol reagent as previously reported. 20 

µg of total RNA were treated with 2.5 µL of DNase I enzyme for 1 hour at 37°C. 0.5 

µL of RiboLock RNase inhibitor (Thermo Scientific) were added to the mix together 

with DNase I enzyme. As a negative control, 20 µg of the same RNA were incubated 

with 2 mg/mL PureLink RNase A (Invitrogen) for 1 hour at 37°C and subsequently 

treated with 2.5 µL of DNase I enzyme as above. DNase I treated RNAs integrity was 

checked on a 1% Agarose 1X MOPS gel. All RNAs were denatured for 5 minutes at 

65°C after adding to them 2X RNA Loading Dye and subsequently loaded on a 1.2% 

Agarose 1X MOPS  2% Formaldehyde gel with 1:20000 Atlas ClearSight (Bioatlas) 

intercalating dye. The gel run for 2 hours at 125V and the RNA was blotted on an 

Amersham Hybond H+ membrane (GE Healthcare) by capillarity. The gel was 

washed three times for 10 minutes in water and two times in 10X SSC for at least 15 

minutes on a rocking platform. RNA samples were transferred overnight at room 

temperature through capillarity on a membrane activated in 10X SSC (3 M NaCl, 0.3 

M Sodium Citrate). Then, RNAs were crosslinked to the membrane with UV light (365 

nm) for 1 minute at 120mJ/cm2 on the UVP CL-1000L Longwave (Fisher Scientific), 

pre-hybridized for at least 1 hour at 42°C with pre-heated CHURCH hybridization 

buffer (1% BSA, 1 mM EDTA, 0.5 M phosphate buffer, 7% SDS) and hybridized 

overnight at 45°C with a TERRA-g32P labeled probe previously denatured at 95°C for 

5 minutes and then diluted in CHURCH hybridization buffer. The following day, the 

membrane was washed with 2X SSC 0.1% SDS for 5 and 15 minutes at room 

temperature. Then, two washes with 0.5X SSC 0.1% SDS for 5 minutes were 

performed and the membrane was subsequently washed twice for 15 minutes at 42°C 

with pre-heated 0.5X SSC 0.1% SDS. After rinsing it quickly in 2X SSC, the 

membrane was wrapped in saran wrap and maintained in an exposure cassette for 

up to 4 days. Detection of the radioactive signal was performed using a Typhoon. 

TERRA-g32P probe was generated using T4 Polynucleotide Kinase (PNK) to label 

TERRA RT primer with 50 µCi of g32P-ATP. The labeled probe was subsequently 

purified on G-50 column (GE Healthcare) and diluted in CHURCH hybridization buffer. 
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Genomic DNA extraction 
Genomic DNA was isolated from cells using Phenol/Chloroform/Isoamyl alcohol 

(25:24:1, Fisher Scientific) according to manufacturer’s instructions. Briefly, cells were 

collected by scraping in ice-cold 1X PBS and the pellet resulting after centrifugation 

was resuspended in Lysis Buffer (10 mM Tris-HCl pH 7.4, 10 mM EDTA, 0.5% SDS, 

10 mM NaCl, 1:750 RNase A 20mg/mL) and incubated at 37°C. After 1 hour, 0.2% 

Proteinase K (Invitrogen) was added to lysates, mixed by inversion, placed at 50°C 

for 3 hours and incubated overnight at 37°C. The following day, the samples were 

heated at 50°C again for 3 hours. At this point, Phenol/Chloroform/Isoamyl alcohol 

(Fisher Scientific) was added in a ratio 1:1 to the samples. The tubes were shaken 

vigorously to obtain a milky emulsion and centrifuged at 15000 xg for 15 minutes at 

room temperature. The upper aqueous phase was collected in a new tube and as 

before Phenol/Chloroform/Isoamyl alcohol was added, samples shaken and 

centrifuged. After collecting the aqueous upper phase into a new tube, Chloroform in 

a ratio 1:1 was added. Samples were shaken, centrifuged and the resulting upper 

phase was harvested and precipitated using 1/10 of total volume of NaAc 3 M pH 5.2 

and 2 volumes of 100% EtOH. DNAs were placed at -20°C overnight and after one 

wash with 70% EtOH, pellets were resuspended in an appropriate volume with 

nuclease free water. Concentration and purity were assessed using Nanodrop 1000 

Spectrophotometer and DNA integrity checked on a 1% Agarose 0.5X TBE gel.  

 

Telomere Restriction Fragment (TRF) Southern blotting 
10 µg of genomic DNA were mixed in an 80 µL reaction with 1 µL of RsaI enzyme 

(Thermo Scientific) and 1 µL of HinfI enzyme (NEB) and incubated at 37°C. After at 

least two hours, 1.5 µL of both RsaI and HinfI enzymes were added and the digestion 

reactions left at 37°C overnight. The following day, 500 ng of digested samples were 

checked on a 1% agarose 0.5X TBE gel run at 100 V for 1 hour. At this point, samples 

were precipitated with 1/10 of total volume of NaAc 3 M pH 5.2 plus 2 volumes of 

100% EtOH for at least 2 hours at -20°C. After a wash with 70% EtOH, pellets were 

resuspended in the appropriate volume of nuclease-free water. After adding 6X DNA 

Loading dye (Thermo Scientific), samples were loaded on a 0.8% Agarose in 0.5X 

TBE gel (no intercalating dye in the gel) and run at 25 V for 18 hours. The day after, 

the gel was stained in Atlas ClearSight dye (25 µL/100 mL) in 0.5X TBE for at least 
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30 minutes by gently agitation, quickly rinsed with 0.5X TBE and deionized water, and 

subsequently denatured for 1h at room temperature in Denaturing Solution (0.5 M 

NaOH,1.5 M NaCl) by gently rocking on a platform. After a wash with deionized water, 

the gel was socked two times for 30 minutes in Neutralizing Solution (0.5 M Tris-HCl 

pH 7.5, 1.5 M NaCl) on a rocking platform and equilibrated for 10 minutes in 10X SSC. 

The DNA was blotted on an Amersham Hybond H+ membrane (GE Healthcare) 

overnight at room temperature through capillarity on a membrane activated in 10X 

SSC. The following day, DNAs were crosslinked to the membrane with UV light (365 

nm) for 1 min at 120 mJ/cm2 on the UVP CL-1000L Longwave (Fisher Scientific), pre-

hybridized for at least 1 hour at 50°C with pre-heated hybridization buffer (5X SSC, 

0.1% Sarcosyl, 0.04% SDS) and hybridized overnight at 50°C with 40 ng/mL Telo 

DIG-NICK probe previously denatured at 95°C for 5 minutes and then diluted in 

hybridization buffer. The next day, the membrane was washed with 2X SSC 0.1% 

SDS for 5 and 15 minutes at room temperature, twice with 0.5X SSC 0.1% SDS for 5 

minutes. Subsequently, two washes of 15 minutes at 42°C with pre-heated 0.5X SSC 

0.1% SDS were performed. After rinsing it quickly in 2X SSC, the membrane was 

blocked for 1 hour in blocking solution (1% Blocking reagent Roche, 1X MAB) and 

incubated with anti-DIG-AP antibody (1:10000) diluted in blocking solution for at least 

2 hours. Before detecting the chemiluminescent signal, the membrane was washed 

two times with WASH BUFFER 2 (15 minutes each), equilibrated for 2 minutes in AP 

buffer and incubated with CDP-Star Chemiluminescence Substrate (Roche) for 5 

minutes. The membrane was exposed to UV light for 2 hours using a ChemiDoc XRS+ 

(Biorad).  

  

TRF probe preparation 
Telo DIG-NICK probe was generated starting from the psXNeo-1.6-T2AG3 plasmid 

and labelled through DIG-Nick Translation Mix for in situ probes (Roche) according to 

the manufacturer’s instructions. Briefly, psXNeo-1.6-T2AG3 plasmid was amplified in 

bacteria at 30°C, purified using MINI PREPs kit (Machelerey Nagel) and digested with 

BglI and SmaI restriction enzymes. The band corresponding to the 1.6 kb T2AG3 

insert was extracted from the gel using Wizard SV Gel and PCR Clean-Up System 

(Promega) and precipitated in 1/10 of total volume of NaAc 3 M pH 5.2 and 2 volumes 

of 100% EtOH for at least 2 hours at -20°C. After one wash with 70% EtOH, the pellet 
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was resuspended in 10-15µL of nuclease-free water. 1 µg of extracted DNA was then 

diluted to 500 ng/µL, mixed with 4 µL of DIG-Nick Translation Mix (Roche) and 

incubated at 15°C for 2 hours and 10 minutes. Afterwards, the reaction was chilled on 

ice and stopped by boiling it at 65°C for 10 minutes after the addition of 1 µL of 0.5 M 

EDTA pH 8. 

  

TRF signal quantification 

The average length of telomeres was assessed by using Image Lab 6.1 software 

(BioRad). The image was divided into lanes (one for each sample) using the “Lanes 

and bands” tool. Subsequently, for each sample both the start and the end of the 

corresponding telomeric smear was defined using the “Lanes and bands” command 

which resulted in a table reporting the values of relative front detected for each smear. 

The relative front parameter indicates the relative movement of the analyzed band 

from the top to the bottom. The correlation between relative front value and kilobase 

(kb) was calculated by assessing the relative front of the molecular weight marker.  

 

DNA content analysis by flow cytometry 
Cells were harvested by trypsinization, washed with 1X PBS and fixed with ice-cold 

70% EtOH in 1X PBS for at least 20 minutes at -20°C. Fixed cells were centrifuged 

for 3 min at 1000g, washed two times with 1X PBS and stained with 10 µg/mL 

propidium iodide (Invitrogen) for 30 minutes at 37°C in the presence of 100 µg/mL 

PureLink RNase A (Invitrogen). Cells were analyzed in a flow cytometer (FACSCanto, 

BD Bioscience). Data analysis and figure preparation were performed using FlowJow 

software (FlowJo, LLC). 

 

Statistical analysis 
Statistical significance of colocalization events is given by DiAna plugin through its 

shuffle function which results in a cumulative distribution graph of counted objects 

from two images. GraphPad Prism 9 (license: GPS-1810727-TFRO-F3E3C) was 

used to produce graphs and statistical analyses. Data are represented either as bar 

chart or dot blot (mean +/- SD), unless differently specified in the corresponding figure 

legend. Normality of datasets was determined by Shapiro-Wilk test. Details about the 
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statistical test performed for each experiment are provided in the figure legends. P-

values are indicated as follows: *: p< 0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001, 

ns: not significant 
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RESULTS 
 

TERRA and telomerase colocalize at telomeres 
 

Analysis of TERRA localization at telomeres 
We previously used a live cell imaging approach based on the MS2-GFP system to 

study the spatiotemporal dynamics of TERRA transcripts in a human cancer cell line 

engineered to express MS2-tagged TERRA molecules from a single telomere 

(telomere 15q)164,179. These analyses revealed that telomere 15q-derived MS2-

TERRA transcripts only transiently localize at telomeres, with MS2-TERRA-telomeres 

colocalizations detected in 44% of the cells. These findings indicated that TERRA 

transcripts are not stable constituents of telomeres164. To gain further insights into 

this matter and broaden our analyses to TERRA transcripts expressed from multiple 

telomeres, we employed a version of single molecule FISH, called single molecule 

inexpensive FISH (smiFISH), adapted from Querido et al.163, to visualize TERRA 

transcripts in fixed HeLa cells. This approach relies on the use of a primary probe 

designed to target the UUAGGG telomeric sequence which is shared by TERRA 

transcripts expressed from all telomeres. This probe contains a tail sequence at its 3’ 

end (FLAP sequence) that does not base pair with TERRA transcripts. The use of a 

fluorescent secondary probe targeting the FLAP sequence enables the detection of 

TERRA molecules (Figure 13).  

 

Figure 13: Schematic of smiFISH TERRA-specific probe binding to a TERRA transcript. Each 

primary probe comprises a gene-specific region (in red) and a FLAP sequence at its 3’ end (in green). 

Each secondary probe consists in a FLAP-specific sequence (in black) labeled at both 5’ and 3’ ends 

with an AF647-fluorophore (orange dots). Primary and secondary probes are pre-hybridized in vitro 

resulting in the smiFISH TERRA-specific probes that carry two fluorophores and recognize several 
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times the 3’ end sequence of TERRA RNA. The in vivo hybridization of several specific probes to the 

repetitive telomeric sequence of TERRA allows the signal amplification leading to a better visualization 

of individual molecules. Based on Tsanov et al., 2016181. Created with Biorender.com 

 

We used this approach for the visualization of TERRA transcripts in HeLa cells. Using 

confocal microscopy, we observed the formation of discrete TERRA foci 

predominantly localizing within the nucleus (Figure 14A). TERRA signal was sensitive 

to RNase treatment confirming the specificity of the signal (Figure 14A). Quantification 

analyses confirmed the detection of 13 TERRA foci on average per cell (Figure 14B), 

consistent with previous findings175.  

 

Figure 14: Visualization of TERRA transcripts by smiFISH in HeLa cells. A) Detection of TERRA 

in fixed HeLa cells by smiFISH. Control experiment after treatment with RNase A and RNase T1 was 

performed showing no TERRA-specific signal. DAPI is used to stain nuclei. Scale bar: 5 µm. Images 

were obtained by using a confocal laser scanning Leica TCS SP8 inverted microscope (Leica Camera 

AG) with a plan apochromatic 63X/1.40 oil immersion objective and 2X zoom. B) Quantification of 

TERRA foci number detected per nucleus in HeLa cells. Median ± SD is shown. N= 400 cells, n= 5 

biological replicates.  

 

To investigate TERRA localization at telomeres, we combined TERRA smiFISH with 

immunofluorescence (IF) for RAP1, a protein of the shelterin complex, which is 

frequently used for the visualization of telomeres164 and will be used throughout this 

thesis to mark telomeres in fixed cells. As expected, RAP1 IF enabled the detection 

of discrete nuclear foci (Figure 15A). Quantification analyses confirmed the presence 

of about 62 RAP1 foci per cell (Figure 15B).  
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Figure 15: Telomere visualization by RAP1 IF in HeLa cells. A) Detection of telomeric signal by 

using RAP1-specific antibody in immunofluorescence (IF) experiments performed in HeLa cells. DAPI 

is used to stain nuclei. Scale bar: 5 µm. Images were obtained by using a confocal laser scanning 

Leica TCS SP8 inverted microscope (Leica Camera AG) with a plan apochromatic 63X/1.40 oil 

immersion objective and 2X zoom. B) Quantification of the number of RAP1 foci per nucleus in HeLa 

cells. Median ± SD is shown. N= 150 cells, n= 3 biological replicates 

 

By analyzing the presence of colocalization events between TERRA and RAP1 foci 

in smiFISH/IF experiments, we observed that on average 77% of cells present 

TERRA-RAP1 colocalizing foci (Figure 16A). As it can be observed in panel B of 

Figure 16, analysis of the distribution of TERRA-RAP1 colocalizations revealed that 

about half (58%) of the HeLa cells displaying TERRA-RAP1 colocalizations presents 

maximum 4 telomeres colocalizing with TERRA; the other half of the analyzed cells 

can be divided into two groups: 19% displaying from 5 to 10 telomeres colocalizing 

with TERRA and 23% showing more than 10 TERRA-RAP1 colocalization events. 

Thus, only a subset of telomeres colocalize with TERRA molecules at any given time 

in HeLa cells. These results are in agreement with previous results indicating that 

TERRA molecules are not stable components of the telomeric architecture. 

Furthermore, these results indicate that the smiFISH technique can be used for 

TERRA detection and analyses of TERRA localization at telomeres in fixed cells, in 

combination with RAP1 IF. 
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Figure 16: Quantification of the number of TERRA foci at telomeres by smiFISH/IF. A) Detection 

of TERRA and telomeres in fixed HeLa cells by smiFISH coupled with RAP1 IF. An example of a 

colocalization between TERRA and RAP1 is highlighted in the enlargement. DAPI is used to stain 

nuclei. Scale bar: 5 µm. B) Quantification of telomeric TERRA foci per nucleus: colocalization events 

have been divided into three groups and are represented as percentage of cells displaying 1-4, 5-10 

or >10 telomeres colocalizing with TERRA. N= 110 cells, n= 3 biological replicates.  

 

Analysis of TERRA and hTR interaction 
The role of TERRA as telomerase regulator in human cells is still debated in the 

field. It has been previously shown in vitro that TERRA interacts with telomerase 

through base-pairing with the template region of hTR, inhibiting telomerase activity109. 

However, as discussed in the introduction section, increased TERRA levels do not 

necessarily correlate with inhibition of telomerase. Convinced that a direct 

visualization of TERRA and hTR at single-cell resolution may provide key 

understanding of their functional interplay in vivo, we set out to detect both TERRA 

and hTR by smiFISH, an approach recently used for hTR detection by the Chartrand 

lab163. To this aim, we used primary probes base pairing with either TERRA or hTR 

transcripts and fluorescent secondary probes enabling the simultaneous detection of 

both RNAs (TERRA-recognizing secondary probes would emit at 647 nm, while 

fluorescence of hTR secondary probes is emitted at a wavelength of 555 nm). Using 

this approach, TERRA and hTR were observed as discrete nuclear foci (Figure 17C). 

RNase treatment of the samples before probes hybridization confirmed the specificity 

of the signal (data not shown). Quantification analyses revealed the detection of 

approximately 94 hTR foci per nucleus (Figure 17A), which is in line with previous 

findings82. The number of TERRA foci per cell detected was also in line with the 

results obtained in TERRA smiFISH experiments, confirming that the combination of 

hTR and TERRA probes did not influence the detection of TERRA. Interestingly, 

TERRA-hTR colocalization events were detected in 43% of cells (Figure 17C). 
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Analyses of the distribution of the number of TERRA-hTR colocalizations per cell 

showed that 82% of cells displays 1 – 4 TERRA-hTR colocalizing foci, hereafter 

TERRA-hTR particles, while a small fraction of HeLa cells presents more than 5 

TERRA foci colocalizing with hTR (Figure 17B). These findings suggest that while 

TERRA can base pair with hTR in vitro, TERRA-hTR interaction is tightly regulated in 

vivo. We reasoned that providing further information into the nuclear localization of 

the TERRA-hTR particles may provide key clues on the impact of these colocalizing 

events in telomerase activity. 

 

Figure 17: A fraction of TERRA and hTR foci colocalize in the nucleus. A) Quantification of hTR 

foci detected per nucleus by confocal microscopy in HeLa cells. Median ± SD is shown. B) 

Quantification of the number of TERRA and hTR colocalizing foci (TERRA-hTR particles) per nucleus: 

colocalization events have been divided in two groups and are represented as percentage of cells 

presenting 1-4 or ³ 5 TERRA foci colocalizing with hTR. C) Detection of TERRA and hTR by smiFISH 

in fixed HeLa cells. An example of a colocalization event between TERRA and hTR is highlighted in 

the magnification. DAPI is used to stain nuclei. Scale bar: 5 µm. N= 244 cells, n= 3 biological replicates. 

 

Investigating TERRA-hTR particles localization at telomeres 
We asked whether TERRA-hTR colocalizations occur at telomeres. To address this 

question, we coupled smiFISH for TERRA and hTR with immunofluorescence against 

RAP1 (smiFISH/IF) (Figure 18A). This analysis revealed that approximately 41,5% of 

cells display TERRA-hTR-RAP1 colocalizations, suggesting that TERRA-hTR 

particles localize only transiently at telomeres. Moreover, by analyzing the distribution 

of TERRA-hTR colocalizing foci, we observed that the majority of analyzed cells 
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(70%) show maximum 2 TERRA-hTR particles localized to telomeres (Figure 18B), 

supporting a view of their transient telomeric localization. Shed light on the 

mechanisms that promote TERRA-hTR particles localization to telomeres may be 

critical to understand TERRA function in the regulation of telomerase. 

 

Figure 18: A fraction of TERRA-hTR particles localize to telomeres. A) Detection of TERRA, hTR 

and telomeres by smiFISH coupled with RAP1 IF in fixed HeLa cells. An example of triple colocalization 

between TERRA, hTR and RAP1 is shown in the image insets. DAPI is used to stain nuclei. Scale bar: 

5 µm. B) Quantification of TERRA-hTR-RAP1 colocalizing events represented as percentage of cells 

showing from 1 to 2 (mean 69.55% and SD ± 7.4%) or more than 2 TERRA-hTR particles (mean 

30.45% and SD ± 7.4%) localizing at telomeres. N= 102 cells, n= 2 biological replicates.  
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Depletion of TCAB1 does not impair telomeric TERRA localization 
 

Telomerase is known to be subjected to a complex trafficking which leads to the 

formation of the mature form of the holoenzyme38. The telomerase accessory protein 

TCAB1 is essential for the regulation of telomerase nuclear trafficking. Depletion or 

knockout of TCAB1 impairs telomerase recruitment to telomeres184,185. Since a 

fraction of telomeric TERRA foci colocalize with hTR, we decided to investigate 

whether telomeric localization of TERRA may be promoted by the mechanisms 

involved in telomerase recruitment to chromosome ends. To address this question, 

we depleted TCAB1 by siRNAs in HeLa cells (Figure 19A) and analyzed TERRA 

localization at telomeres by smiFISH/IF (Figure 19B). At these analyses, we observed 

no changes in the number of telomeric TERRA foci in TCAB1 depleted cells, as 

compared to control cells (Figure 19C). As it can be observed in panel D of Figure 

19, this result is further confirmed when we analyze the distribution of the telomeric 

TERRA foci. Thus, TERRA localization at telomeres is not influenced by TCAB1 

depletion. While a fraction of TERRA and hTR colocalize at telomeres, the 

mechanisms that promote telomerase recruitment and activity at chromosome ends 

are not involved in the telomeric localization of TERRA. These findings suggest that 

TERRA and TERRA-hTR particles localization at telomeres does not correlate with 

telomerase activity at these chromosome ends. We next attempted to gain insights 

on this matter. 
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Figure 19: TERRA localization at telomeres is not impaired upon TCAB1 knockdown. A) Western 

blot analysis of TCAB1 from total protein lysates of HeLa cells untransfected, transfected with control 

scrambled siRNA (siSCR) or transfected with TCAB1-targeting siRNAs (siTCAB1). TCAB1 is detected 

as a 65 kDa protein, while the housekeeping protein a-ACTININ is detected at around the 100 kDa. B) 

Detection of TERRA and telomeres by smiFISH coupled with RAP1 IF in fixed HeLa cells transfected 

with siSCR or siTCAB1. An example of a telomeric TERRA focus is shown in the enlargement. DAPI 

is used to stain nuclei. Scale bar: 5 µm. C-D) Quantification of telomeric TERRA foci detected per 

nucleus in siSCR and siTCAB1 transfected cells: in C colocalizing events are represented as n° of 

RAP1/TERRA colocalizations per cell (each dot represents a nucleus), in D the percentage of cells 

presenting 1-4, 5-10 or >10 TERRA foci at telomeres is reported. In C, mean ± SD is shown and 

unpaired non-parametric Mann-Whitney test was used for statistical analysis. In D, TWO-WAY ANOVA 

test coupled with a post hoc Sidak’s multiple comparison test was used for statistical analysis. p-value: 

ns: non-significative. N= 97 cells for siTCAB1, 89 cells for siSCR. n= 2 biological replicates.   
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TERRA-hTR particles localization at telomeres is impaired during 
telomerase-dependent telomeres elongation 
 

A setting to study TERRA localization during telomere elongation 
Since a fraction of TERRA-hTR particles resides at telomeres, we hypothesized 

that the telomeric localization of TERRA may impact telomerase activity. To study this 

hypothesis and provide information into the role of TERRA in telomerase regulation, 

we decided to attempt investigations of TERRA transcripts localization during 

telomere elongation. The reasoning was the following: if TERRA acts as positive 

regulator of telomerase, its localization to telomeres would positively correlate with 

telomerase activity at chromosome ends. This scenario has been observed in 

budding yeast, where TERRA molecules localize at short telomeres during telomere 

elongation161. Yet, the fact that TCAB1 depletion does not influence TERRA 

localization at telomeres would argue against this hypothesis. Conversely, if telomeric 

TERRA transcripts impair telomere elongation, the telomeric localization of TERRA 

would inversely correlate with telomerase activity at chromosome ends. If the 

telomeric localization of TERRA is not influenced by telomere elongation, TERRA 

function in the regulation of telomerase may not be exerted at telomeres, allowing us 

to reject our hypotheses. Indeed, in principle, TERRA may also influence hTR 

maturation in Cajal bodies, or its trafficking in the nucleoplasm.  

 

To study the telomeric localization of TERRA we needed to confront with two main 

challenges: first, it is not possible to visualize a telomere that is actively elongated by 

telomerase in fixed cells; second, as mentioned in the introduction section, live 

imaging analyses indicate that only few telomeres display stable localization of TERT 

or hTR particles at any given time, suggesting that only a subset of telomeres are 

elongated by telomerase during the time of the experiments (seconds or minutes)82,96. 

Forcing telomerase activity at chromosome ends by exogenous expression of TERT 

would be one possible approach to face these issues82. However, this condition may 

influence the localization of TERRA which interacts with both TERT and hTR156. Thus, 

in order to promote telomerase activity at telomeres without altering the levels of the 

endogenous enzyme, we decided to induce telomere shortening in cells, and then 

allow telomere re-lengthening by the endogenous telomerase. We reasoned that the 
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presence of short telomeres could attract telomerase for telomere elongation. To this 

aim, I cultivated HeLa cells in the presence of BIBR1532, a well-known inhibitor of 

telomerase, to promote telomere shortening. BIBR1532 is a non-nucleosidic small 

molecule which acts as a competitive inhibitor for the binding of dNTPs in the catalytic 

active site of telomerase. Thus, BIBR1532 treatment inhibits telomerase by interfering 

with the processivity of the holoenzyme166,167. Telomere restriction fragment analyses 

(TRF) confirmed a progressive decrease in telomere length during the treatment for 

up to 123 population doublings (PDs) (Figure 20A). At this time point, the cells showed 

an average telomere length of 2 kb, which is much shorter than the telomere length 

observed in control cells (averaging 4 kb in length) (Figure 20B). Removal of 

BIBR1532 after 123 PDs of treatment enabled telomere re-elongation by the 

endogenous telomerase (rescue time points) (Figure 20A). Notably, as shown in 

Figure 20A and Figure 20B, cells cultured for 7 PDs after BIBR1532 removal (7 PDs 

rescue time point) displayed a marked increase in telomere length as compared to 

BIBR1532 123 PDs, with an average telomere length of 2.75 kb, from the 2kb average 

telomere length of the 123 PDs BIBR1532 cells, suggesting an elongation rate of 100 

bp per PD. In addition, inspection of the telomeric signal on the TRF membrane 

showed an increase in size of both the shortest and the longest telomeres detected, 

corresponding to the lower and upper signal of the telomeric smear (Figure 20A). 

Quantification of the telomeric signal from each sample compared to the molecular 

weight marker confirmed that telomere length ranged from 2 to 4 kb in 7 PDs rescue 

cells, as compared to 1 to 3.5 kb detected in the BIBR1532 123 PDs sample (Figure 

20B). Notably, the average telomere length increased much more subtly from rescue 

7 PDs to rescue 24 PDs time points, moving from 2.75 kb to about 3 kb in length on 

average, respectively, suggesting an elongation rate of 14 bp per PD. Furthermore, 

inspection of the TRF membrane and the telomeric signal quantification indicated that 

mainly the shortest telomeres became elongated from 7 PDs to 24 PDs rescue time 

points. A telomere elongation rate similar to the 24 PDs rescue (14 bp/PD) was also 

observed at the 45 PDs rescue time point. This rate of telomere elongation is much 

smaller than the estimated elongation rate at 7 PDs rescue (100 bp/PDs). These 

findings suggest that while at 7 PDs rescue telomerase elongates both long and short 

telomeres, at 24 PDs and 45 PDs rescue time points, when telomeres are longer, 

telomerase elongates a lower number of telomeres per PD, and appears less 



 

 59 

processive, adding a lower number of telomeric repeats at chromosome ends during 

each cell division.  

 

Figure 20: Telomere shortening and consequent re-lengthening upon BIBR1532 treatment and 

its subsequent removal from culturing medium. A) Measurement of telomere length by Southern 

blot analysis of terminal restriction fragment lengths. Genomic DNA extracted from the indicated 

samples were transferred on a positively charged membrane after RsaI-HinfI restriction enzymes 

digestion and detected by hybridization with a digoxigenin-labeled telomeric repeats-specific probe. B) 

Determination of the average length of telomeres in the indicated samples. The TRF signal was 

calculated using Image Lab 6 (BioRad) by assessing the relative front of the telomeric smear 

considering the one of the molecular weight marker (for details please refer to materials and methods 

section). The experiment was performed two independent times showing similar results. 

 

Thus, the different time points of these experiment provide a useful experimental 

setting to evaluate TERRA localization at telomeres when telomerase is actively 

elongating chromosome ends and telomeres are promptly elongated (7 PDs rescue 

time point), as compared to control cells (cells not treated with BIBR1532) or to a 

condition with a less pronounced ongoing telomerase activity and telomere elongation 

(24 PDs rescue time point).  

 

Telomeric localization of TERRA inversely correlates with telomerase activity 
I performed smiFISH/IF experiments to study TERRA localization at telomeres in 

control, 7 PDs rescue, and 24 PDs rescue time points of the experiments described 

in the previous paragraph. These analyses revealed a decrease in the number of 
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telomeric TERRA foci at the 7 PDs rescue time point, as compared to control and 24 

PDs rescue cells (Figure 21A and B). The distribution of the number of telomeric 

TERRA foci per cells showed a clear and significant difference among the samples 

analyzed, with the 7 PDs rescue sample displaying a higher number of cells with 1 – 

4 telomeric TERRA foci and a lower number of cells showing 5 – 10 and >10 telomeric 

TERRA foci than control and 24 PDs rescue samples (Figure 21C). Notably, these 

differences were detected despite the total number of TERRA foci increased at 7 PDs 

(Figure 21D). Furthermore, Northern blot analyses revealed no changes in the total 

TERRA levels between control and the 7 PDs rescue time point (Figure 21E). 

Importantly, no changes in the cell cycle profile were detectable between the different 

samples (Figure 21F). Altogether, these results indicate that a lower number of 

TERRA foci is detectable at telomeres at the 7 PDs rescue time point, when more 

pronounced telomere elongation occurs, as compared to control and the 24 PDs 

rescue time points. These findings suggest that in our experimental conditions 

TERRA localization at telomeres inversely correlates with telomerase activity. This 

effect is not due to altered TERRA levels or impaired cell cycle profile in these cells 

suggesting that it may be determined by the relocation of TERRA molecules from 

chromosome ends.  



 

 61 

 

Figure 21: Less TERRA localizes to telomeres during telomere elongation. A) Detection of 

TERRA and telomeres by smiFISH/IF in HeLa cells fixed 7 or 24 PDs after removing BIBR1532 from 

the medium and in control (CTR) cells. An example of telomeric TERRA focus is shown in the 

magnifications. DAPI is used to stain nuclei. Scale bar: 5 µm. B-C) Quantification of telomeric TERRA 

foci per nucleus in the indicated samples: in B colocalizing events are represented as n° of 

RAP1/TERRA colocalizations per cell (each dot represents a nucleus); in C the percentage of cells 

presenting 1-4, 5-10 or >10 TERRA foci at telomeres are presented. In B, mean ± SD is shown and 

unpaired non-parametric Kruskal-Wallis test coupled with a post hoc Dunn’s multiple comparison test 

was used for statistical analysis. In C, TWO-WAY ANOVA test confirms significant difference among 
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samples considering all groups of each sample: p-value: ***< 0.001. TWO-WAY ANOVA test coupled 

with a post hoc Tukey’s multiple comparison test provides the following significances among groups 

and samples: group 1-4 telomeric TERRA foci: CTR vs 7 PDs, p-value 0.011; 7 PDs vs 24 PDs, p-

value 0.0066; CTR vs 24 PDs, p-value >0.99. D) Quantification of the number of TERRA foci detected 

by smiFISH in control cells and 7PDs rescue cells. Median ± SD is shown and unpaired non-parametric 

Mann-Whitney test was used for statistical analysis. *, p-value <0.05. E) Northern blot analysis of 

TERRA levels in the indicated samples. On the right, total RNA run on 1.2% MOPS-Formaldehyde 

denaturing gel; on the left, TERRA transcripts transferred on a positively charged nylon membrane are 

detected by hybridization with a probe recognizing the telomeric repeated tract of TERRA. The probe 

used is g32P-labelled. RNA treated with RNase A was included as control for the specificity of the signal. 

F) FACS analyses of cell cycle profiles of control cells and 7 PDs rescue cells. These analyses 

revealed no changes in cell cycle profile among the samples. For B, C and D: N= 124 cells for CTR, 

111 cells for RESCUE 7 PDs, 112 cells for RESCUE 24 PDs; n= 2 biological replicates. p-values: ns: 

non-significative; *, < 0.05; **, <0.01, ***<0.001.  

 

The number of telomeric TERRA-hTR particles declines during telomere 
elongation 

Next, we decided to investigate the telomeric localization of TERRA-hTR particles 

in control, 7 PDs rescue and 24 PDs rescue cells. We did so by combining smiFISH 

for TERRA and hTR with RAP1 IF and analyzing cells for triple colocalizations by 

confocal microscopy. Interestingly, these experiments revealed a significant 

difference in the number of telomeric TERRA-hTR foci detected between the different 

samples, with the fraction of TERRA-hTR foci at telomeres decreasing from 16% or 

20% detected in control cells and 24 PDs rescue cells, respectively, to 8% detected 

in 7 PDs rescue cells (Figures 22A and 22B). Furthermore, while up to 5 telomeric 

TERRA-hTR particles per cell were detected in control and 24 PDs rescue cells, no 

more than 3 telomeric TERRA-hTR foci were observed at the 7 PDs rescue time point 

(Figure 22C). Notably, the number of telomeric hTR foci remained stable (Figure 22D) 

while the total number of TERRA-hTR colocalizations per cell even increased in 7 

PDs cells, as compared to control cells (Figure 22E). These findings indicate that a 

lower number of TERRA-hTR particles are detected at telomeres at the 7 PDs rescue 

time point, when marked telomere elongation occurs, as compared to control and the 

24 PDs rescue time points. This effect is most likely due to the impaired telomeric 

localization of TERRA during this time point. Given these results, it is intriguing to 

speculate that TERRA transcripts may be relocated from chromosome ends as a 

mechanism to facilitate telomere elongation by telomerase.  



 

 63 

 

Figure 22: The number of telomeric TERRA-hTR particles declines during telomere elongation. 

A) Detection of TERRA, hTR and telomeres by smiFISH/IF in HeLa cells fixed at 7 or 24 PDs rescue 

time points and in control (CTR) cells. Examples of triple colocalizations between TERRA, hTR and 

RAP1 are shown in the enlargements. DAPI is used to stain nuclei. Scale bar: 5 µm. B-C) Quantification 

of the number of telomeric TERRA-hTR particles in the indicated samples. In B, pie charts report the 

percentage of TERRA-hTR particles at telomeres versus the non-telomeric ones. In C the percentage 

of cells showing 1 to 5 TERRA-hTR particles at telomeres per nucleus are reported. In both B and C, 

TWO-WAY ANOVA test confirms significant difference among samples considering all groups of each 

sample: p-value: ****< 0.0001. D) Quantification of hTR foci detected by smiFISH in control and 7 PDs 

rescue cells. Median ± SD is shown and unpaired non-parametric Mann-Whitney test was used for 

statistical analysis. E) Quantification of TERRA-hTR colocalizing foci detected per nucleus in control 
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cells and cells 7 PDs rescue cells. Mean ± SD is shown and unpaired non-parametric Mann-Whitney 

test was used for statistical analysis. N= 124 cells for CTR, 111 cells for RESCUE 7 PDs, 112 cells for 

RESCUE 24 PDs; n= 2 biological replicates. p-values: ****, <0.0001.   

 

Telomeric localization of TERRA-hTR particles inversely correlates 

with telomerase activity in POT1 DOB-expressing cells 
 

In order to confirm the abovementioned results, we decided to use a different 

experimental setting to study TERRA localization at telomeres during telomere 

elongation by telomerase. To this aim, we generated HeLa cells expressing a mutant 

form of POT1 (POT1-DOB), a key component of the shelterin complex that negatively 

regulates telomerase activity. POT1-DOB contains a truncation of one of the two 

POT1 OB-fold DNA binding domains, allowing POT1 to localize to telomeres but 

eliminating its ability to bind single-stranded telomeric DNA82,180. Therefore, POT1-

DOB expression leads to unrestrained telomerase activity at telomeres and 

consequent chromosome ends over-elongation, as compared to HeLa cells and 

POT1-WT expressing cells.  We reasoned that this system would represent a useful 

tool to study the localization of TERRA at telomeres during telomere elongation. We 

generated POT1-DOB expressing cells by transducing HeLa cells with POT1 DOB-, 

or POT1 WT-coding retroviral vectors. We collected genomic DNA at 10 PDs and 60 

PDs from transduced cells and analyzed telomere length through TRF southern 

blotting. At these analyses, POT1-DOB expressing cells displayed longer telomeres 

(average length above 10 kb) compared to POT1-WT (circa 6 kb) at both time points 

analyzed (Figure 23), as expected given the unrestrained activity of telomerase in 

POT1-DOB expressing cells. 
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Figure 23: POT1-DOB expressing cells are characterized by over-elongated telomeres.  

Measurement of telomere length by Southern blot analysis of terminal restriction fragment lengths. 

Genomic DNA extracted from HeLa cells overexpressing POT1-WT or POT1-DOB proteins was 

transferred on a positively charged membrane after RsaI-HinfI restriction enzymes digestion and 

hybridized with a telomeric repeats-specific probe to detect telomeres. The probe used is digoxigenin-

labelled. 

 

smiFISH experiments revealed fewer TERRA foci in POT1-DOB cells than in 

POT1-WT control cells (Figure 24A). Furthermore, signal quantification analyses 

showed that TERRA foci detected in POT1-DOB cells are less bright than the ones 

detected in POT1 WT cells, suggesting that TERRA transcripts form less clusters in 

this cellular setting (Figure 24B). These findings are in line with previous evidence 

indicating that cells with over-elongated telomeres express lower TERRA levels 

although longer TERRA transcripts than cells with short telomeres121.  

 

Figure 24: POT1-DOB cells present less TERRA transcripts than POT1-WT cells. A) Quantification 

of the number of TERRA detected foci per nucleus in POT1-WT and POT1-DOB expressing cells. 
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Median ± SD is shown and unpaired non-parametric Mann-Whitney test was used for statistical 

analysis. B) Quantification of TERRA foci integrated density in POT1-WT versus POT1-DOB 

expressing cells. Integrated density was measured with Fiji plug-in DiAna. Each dot represents a single 

TERRA focus. Mean ± SD is shown and unpaired non-parametric Mann-Whitney test was used for 

statistical analysis. p-value: ***, <0.001; ****, <0.0001. a.u.=arbitrary units. N= 151 cells for POT1 WT, 

148 cells for POT1 DOB. n= 3 biological replicates. 

 

Conversely, an increased number of RAP1 IF foci were detected in POT1-DOB cells, 

compared to POT1-WT cells (Figure 25A); integrated density quantification revealed 

that these foci are brighter than the ones detected in POT1-WT cells (Figure 25B). 

These findings are consistent with the presence of longer telomeres in POT1-DOB 

cells.  

 

Figure 25: The number of RAP1 foci per cell and the intensity of the RAP1 signals are higher in 

POT1-DOB cells compared to POT1-WT. A) Quantification of the number of RAP1 foci per nucleus 

detected by IF in cells expressing POT1-WT or POT1-DOB protein. Median ± SD is shown and 

unpaired non-parametric Mann-Whitney test was used for statistical analysis. B) Quantification of 

RAP1 foci integrated density in POT1-WT versus POT1-DOB expressing cells. Integrated density was 

measured with Fiji plug-in DiAna. Each dot represents a single RAP1 focus. Mean ± SD is shown and 

unpaired non-parametric Mann-Whitney test was used for statistical analysis. p-value: **, <0.01; ****, 

<0.0001. a.u.=arbitrary units. N= 151 cells for POT1 WT, 148 cells for POT1 DOB. n= 3 biological 

replicates. 

 

Interestingly, TERRA-RAP1 colocalization analyses by smiFISH/IF revealed a 

significantly lower number of telomeric TERRA foci in POT1-DOB cells (Figures 26A 

and 26B), confirming that also in this cellular context, telomerase activity at telomeres 

inversely correlates with the telomeric localization of TERRA. By analyzing TERRA 

and hTR by smiFISH, we observed a lower number of TERRA-hTR particles in POT1-
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ΔOB cells (Figure 26C), even if the number of hTR foci per cell is increased as 

compared to POT1-WT cells (Figure 26D). 

 

Figure 26: A lower number of telomeric TERRA foci is detectable in POT1-DOB displaying over-

elongated telomeres, as compared to POT1-WT cells. A) Detection of TERRA and telomeres by 

smiFISH/IF in fixed HeLa cells overexpressing POT1-WT or POT1-DOB proteins. Examples of 

colocalization events between TERRA and RAP1 are shown in the magnifications. DAPI is used to 

stain nuclei. Scale bar: 5 µm. B) Quantification of the number of telomeric TERRA foci detected per 

nucleus in POT1-WT and POT1-DOB expressing cells: colocalizing events are represented as n° of 

RAP1/TERRA colocalizations per cell where each dot represents a nucleus. Mean ± SD is shown and 

unpaired non-parametric Mann-Whitney test was used for statistical analysis. N= 151 cells for POT1 

WT, 148 cells for POT1 DOB. n= 3 biological replicates. C) Quantification of TERRA and hTR 

colocalizing foci per nucleus in POT1-WT and POT1-DOB expressing cells: colocalizing events are 

represented as n° of hTR/TERRA colocalizations per cell where each dot represents a nucleus. Mean 

± SD is shown and unpaired non-parametric Mann-Whitney test was used for statistical analysis. D) 

Quantification of hTR detected foci per nucleus in cells expressing POT1-WT or -DOB protein. Median 

± SD is shown and unpaired non-parametric Mann-Whitney test was used for statistical analysis. N= 

100 cells for POT1 WT, 105 cells for POT1 DOB. n= 2 biological replicates. p-values: **, <0.01; ****, 

0.0001.   
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Interestingly, smiFISH/IF experiments revealed less telomeric TERRA-hTR particles 

in POT1-ΔOB cells which displayed no more than 2 telomeric TERRA-hTR 

colocalizations per cell, with 85.5% of POT1-DOB cells displaying only 1 triple 

colocalization, as compared with POT1-WT cells, where up to 6 telomeric TERRA-

hTR particles per cell were detected (Figures 27A and 27B). No changes in the 

number of hTR colocalizations at telomeres were observed, with most cells displaying 

1 to 4 hTR-Rap1 colocalizing foci (Figure 27C). Furthermore, no changes in the cell 

cycle profile were detected between POT1-WT ad POT1-ΔOB cells (Figure 27D). 
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Figure 27: POT1-DOB expressing cells show less telomeric TERRA-hTR particles and more 

“TERRA-free” telomeric hTR foci. A) Detection of TERRA, hTR and telomeres by smiFISH/IF in 

fixed HeLa cells expressing POT1-WT or POT1-DOB. Examples of triple colocalizations between 

TERRA, hTR and RAP1 are shown in the image insets. DAPI is used to stain nuclei. Scale bar: 5 µm. 

B) Quantification of the number of telomeric TERRA-hTR complexes in the indicated cells. The 

percentage of cells presenting from 1 to 6 TERRA-hTR particles at telomeres are shown. TWO-WAY 

ANOVA test confirms significant difference in the number of telomeric TERRA-hTR foci among 

samples considering all groups of each sample: p-value: ****< 0,0001. TWO-WAY ANOVA test coupled 

with a post hoc Sidak’s multiple comparison test confirms significance between the samples POT1 WT 

and POT1 DOB considering the group of 1 telomeric TERRA-hTR particle per nucleus: p-value= 

0.0017. C) Quantification of the number of telomeric hTR foci observed per nucleus in the indicated 

cells. Percentage of cells showing 1-4, 5-10 or >10 telomeric hTR foci is shown. TWO-WAY ANOVA 

test confirms significant difference among samples considering all groups of each sample: p-value: 

****< 0.0001. D) FACS analyses of cell cycle profiles of POT1-WT and POT1-DOB expressing cells. 

These analyses revealed no changes in cell cycle profile among the samples. E) Quantification of the 

number of telomeric hTR foci not colocalizing with TERRA foci (“TERRA-free” telomeric hTR) detected 

per nucleus. Data are shown as n° of hTR/RAP1 colocalization events per nucleus. Mean ± SD is 

shown and unpaired non-parametric Mann-Whitney test was used for statistical analysis. p-values: *, 

<0.05; ****, 0.0001. N= 100 cells for POT1-WT, 105 cells for POT1-DOB. n= 2 biological replicates. 

 

Notably, for all colocalization analyses performed in this study, the DiAna plug-in of 

Fiji was used to confirm significance of the results. This approach revealed to be 

particularly important for analyses of samples in which the overall number of the foci 

of interest differ, such as TERRA-RAP1 colocalization analyses in POT1-WT versus 

POT1-ΔOB cells displaying differences in total number of TERRA and RAP1 foci 

(Details of colocalization analyses are indicated in Materials and Methods section).  

Overall, these findings indicate that TERRA localization to telomeres is impaired in 

POT1-ΔOB expressing cells, where telomerase activity is unrestrained, and 

telomeres are over-elongated. Furthermore, telomere elongation in POT1-ΔOB cells 

correlates with fewer TERRA-hTR colocalizations at chromosome ends and 

increased number of telomeres displaying “TERRA-free” telomerase molecules 

Figure 27E). Importantly, these findings also indicate that this effect is not dependent 

on the length of telomeres because POT1-ΔOB cells display much longer telomeres 

than the 7 PDs rescue cells. These findings further support our hypothesis that 

TERRA transcripts relocate from chromosome ends in order to facilitate telomerase 

activity. Thus, telomeric TERRA transcripts may act as inhibitors of telomerase. 
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TERRA expression levels and its localization to telomeres increase 
upon telomere shortening 

 

Previous evidence indicates that human cells with short telomeres express higher 

levels of TERRA than cells with over-elongated telomeres121. This would be in 

apparent contradiction with our findings indicating that telomeric TERRA transcripts 

may act as negative regulators of telomerase. Indeed, if so, increased transcription 

of TERRA from short telomeres would prevent their elongation. Thus, we decided to 

gain more insight into this matter and we used our experimental systems to better 

understand the interplay between telomere shortening and TERRA expression and 

localization. 

 
Firstly, we performed Northern blot analysis on RNA extracted from cells cultivated in 

BIBR1532 for 123 PDs and from control cells treated with DMSO (CTR). As shown in 

panel A (Figure 28) a mild increase in TERRA expression in the BIBR-treated sample 

can be appreciated. To further investigate this increase in TERRA expression levels, 

RT-qPCR analyses on the same samples were performed. In the graph reported in 

Figure 28B, an increase in TERRA expression from the indicated subtelomeres was 

observed. These results are in line with previous findings reported in literature using 

other cell lines121. Additionally, BIBR1532-treated cells showed a higher number of 

TERRA foci, compared to control cells, as detected by smiFISH, consistent with the 

increased TERRA levels in these cells (Figure 28C). 

Taken together, these results suggest that TERRA expression levels are upregulated 

in HeLa cells with short telomeres as consequence of BIBR1532 treatment. 
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Figure 28: TERRA expression levels mildly increase in cells with short telomeres. A) Northern 

blot analysis of TERRA levels in HeLa cells treated for 123 PDs with BIBR1532 or DMSO (CTR). On 

the right, total RNA run on 1.2% MOPS-Formaldehyde denaturing gel; on the left, TERRA transcripts 

transferred on a positively charged nylon membrane and detected by hybridizing a probe specifically 

recognizing telomeric repeated tract of TERRA. The probe used is g32P-labelled. RNA treated with 

RNase A was included to test the RNase sensitivity of the signal. B) RT-qPCR analyses were 

performed to assess TERRA levels derived from the indicated telomeres. The experiment was 

performed from total RNA extracted from HeLa cells with short telomeres (BIBR1532 123 PDs). Data 

are normalized on the housekeeping GAPDH gene and are shown as fold change over control (CTR) 

cells (dashed line) with mean and SD derived from two biological replicates (each experiment 

performed in technical triplicates). Data shown represent the mean between biological replicates. C) 

Quantification of the number of TERRA foci detected per nucleus in both BIBR1532- treated (BIBR) 

and control (CTR) cells. Median ± SD is shown and unpaired non-parametric Mann-Whitney test was 

used for statistical analysis. p-value: ****, <0.0001. N= 67 cells for BIBR, 64 cells for CTR; n= 2 

biological replicates. 

 

Next, we investigated TERRA localization at telomeres in these cells by smiFISH/IF. 

Interestingly, we observed no major changes in the number of TERRA-RAP1 

colocalizations per cell, compared to CTR sample (Figure 29A), although the 

percentage of BIBR-treated cells presenting more than 10 telomeric TERRA foci was 

found higher compared to CTR cells (Figure 29B). This last result is in agreement 
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with the increased telomeric localization of TERRA reported in HeLa clones with short 

telomeres, compared to clones with long telomeres recently shown by the Lingner’s 

lab in 2019168. Altogether, these findings indicate that cells with short telomeres 

express higher TERRA levels than cells with normal length telomeres. Cells with short 

telomeres display an increased number of telomeric TERRA foci per cell. In the 

attempt to reconcile these results with our hypothesized model of telomeric TERRA 

transcripts acting as inhibitors of telomerase, we decided to obtain more information 

into the state of the telomeres interacting with TERRA. 

 

Figure 29: TERRA localization to telomeres slightly changes upon telomere shortening. A-B) 

Quantification of telomeric TERRA foci observed per nucleus in BIBR1532-treated cells and CTR cells: 

in A colocalizing events are represented as n° of RAP1/TERRA colocalizations per cell where each 

dot represents a nucleus. Mean ± SD is shown and unpaired non-parametric Mann-Whitney test was 

used for statistical analysis. In B the percentage of cells presenting 1-4, 5-10 or >10 TERRA foci at 

telomeres is shown. TWO-WAY ANOVA test confirms significant difference among samples 

considering all groups of each sample: p-value: **, < 0.01. p-values: ns: non-significative; **, <0.01.   

N= 67 cells for BIBR, 64 cells for CTR; n= 2 biological replicates. 
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TERRA transcripts preferentially localize to long telomeres in 
human cells 

 

In S. cerevisiae, TERRA transcripts localize preferentially to short telomeres to 

promote the recruitment of telomerase to these chromosome ends. Our data 

envisage an opposite scenario in human cells, where telomeric TERRA transcripts 

inversely correlate with telomerase activity, suggesting that they may interfere with 

telomere elongation by telomerase. Since we also observed that TERRA expression 

levels and localization at chromosome ends increase upon telomere shortening, we 

decided to shed lights into the state of the telomeres interacting with TERRA and we 

investigated whether TERRA molecules localize to short or long telomeres. 

Previous evidence in our lab indicates that the integrated density quantification of 

RAP1 IF signal can be used to discriminate long versus short telomeres compared to 

the average telomere length of the cell. These experiments were performed by Marta 

Andolfato (a master student who worked under my supervision) combining RAP1 IF 

with telomeric DNA FISH signals. The results from these experiments are shown in 

Supplementary Figure S1. 

Upon image acquisition, the integrated density parameter calculates the sum of the 

values of each pixel (i.e., pixel brightness) that composes the examined object 

resulting in an indication of the intensity of the signal. These analyses can be done 

using Fiji software. We performed integrated density quantification of RAP1 IF signals 

obtained in smiFISH/IF experiments carried out in BIBR1532-treated cells (123 PDs 

time point), 7 PDs rescue time point, BIBR1532 control cells, POT1-WT, POT1-DOB 

and HeLa WT cells. In these analyses we compared integrated density quantification 

of RAP1 IF signal colocalizing, and not colocalizing, with TERRA foci. Strikingly, in all 

the conditions tested the RAP1 IF signals colocalizing with TERRA showed 

significantly higher integrated densities than the RAP1 signals not colocalizing with 

TERRA (Figure 30). These results were not dependent on the average telomere 

length of the cells, since they were reproduced in HeLa WT cells and also in both 

BIBR1532 treatments, displaying very short telomeres, and POT1-DOB cells with 

over-elongated telomeres. Furthermore, these findings were not dependent on the 

activity of telomerase, which is inactivated in BIBR1532-treated cells and 

unrestrained in POT1-DOB cells. This strongly suggests that TERRA transcripts 
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preferentially localize to the longest telomeres in a cell. Thus, while TERRA 

expression may rise upon telomere shortening, TERRA transcripts are expected to 

relocate from short telomeres to the longer ones. This mechanism may contribute to 

regulating telomerase activity, repressing it at longer chromosome ends. 

Experimental data in support of the localization of TERRA molecules in trans, 

relocating from their telomere of origin to other chromosome ends, have been 

obtained by a master student in the lab, Elena Goretti, using the MS2-GFP system to 

track single-telomere TERRA molecules in living cells. These data are presented in 

Figure 33 and Figure 34 and discussed in the discussion section of this thesis. 

 

Figure 30: Telomeres colocalizing with TERRA foci display higher intensity than telomeres not 

colocalizing with a TERRA signal. Comparison of RAP1 foci integrated density between telomeres 

colocalizing and not colocalizing with TERRA transcripts in different experimental conditions. 

Integrated density was measured with Fiji plug-in DiAna. Each dot represents a single RAP1 focus. 

Mean ± SD is shown and unpaired non-parametric Mann-Whitney test was used for statistical analysis. 

p-value: ****, <0.0001. a.u.=arbitrary units.  

  



 

 76 

TERRA depletion results in increased telomerase RNA localization 
at telomeres 
 

Our results are supportive of a scenario in which TERRA molecules can be 

transcribed from short chromosome ends to localize to the longer telomeres. 

Furthermore, the localization of TERRA at telomeres inversely correlates with 

telomerase activity during telomere elongation in BIBR1532-treated cells and in a cell 

system where telomerase activity is unrestrained (POT1-DOB expression). These 

findings suggest that the telomeric localization of TERRA transcripts may impair 

telomerase activity and/or its recruitment at telomeres.  

To provide insight into this process, we decided to investigate whether TERRA 

depletion influences the recruitment of telomerase to telomeres. To this aim, I used 

antisense oligonucleotides targeting the telomeric repeat tract of TERRA (TERRA-

ASO) to downregulate TERRA molecules in cells. This approach has been 

extensively used in literature to deplete TERRA in cells148,169,191. TERRA-ASO 

consists of locked nucleic acids (LNA) containing oligonucleotides with a 

phosphorothioate backbone which upon base pairing with the target RNA promote its 

degradation by the endogenous RNase H enzyme.  RT-qPCR experiments confirmed 

depletion of TERRA from multiple telomeres upon 48h transfection of TERRA-ASO 

(Figure 31A). Transfection of a scrambled ASO was performed as negative control. 

Interestingly, smiFISH experiments revealed that decreased TERRA levels resulted 

in increased number of hTR foci (Figure 31B). In light of these results, we used RT-

qPCR to analyze the expression levels of hTR, both its mature and precursor forms. 

Surprisingly, no differences in hTR levels were detected between TERRA-ASO and 

scrambled ASO transfected cells (Figure 31C). These results suggest that TERRA 

depletion correlates with increased telomerase RNA clustering.  
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Figure 31: TERRA knockdown results in increased hTR foci number without affecting its 

expression levels. A) RT-qPCR analyses to assess TERRA levels derived from the indicated 

telomeres performed from total RNA extracted from HeLa cells transfected with scrambled ASO (ASO 

SCR) or TERRA-ASO. Data are normalized on the housekeeping U6 gene and are shown as fold 

change over control (ASO SCR) cells (dashed line) with mean and SD derived from technical 

triplicates. Data shown represent one biological replicate. B) Quantification of hTR foci detected per 

nucleus in both TERRA-ASO and ASO SCR transfected cells. Median ± SD is shown and unpaired 

non-parametric Mann-Whitney test was used for statistical analysis. p-value: ****, <0.0001. N= 131 

cells for ASO SCR, 122 cells for TERRA-ASO; n= 2 biological replicates. C) RT-qPCR to assess hTR 

levels, as precursor (from +772 to +896 nt coordinates of the hTR gene locus) or mature transcripts 

(451 nt in length), performed from total RNA extracted from HeLa cells transfected with ASO SCR or 

TERRA-ASO. Data are normalized on the housekeeping U6 gene and are shown as fold change over 

control (ASO SCR) cells (dashed line) with mean and SD derived from technical triplicates. Data shown 

represent one biological replicate.  
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Next, I analyzed hTR localization at telomeres by smiFISH/IF. Intriguingly, these 

experiments revealed a significant increase in the number of telomeric hTR foci in 

TERRA-depleted cells as compared to control cells (Figure 32A). Notably, the 

percentage of cells displaying more than 10 telomeric hTR per nucleus increased 

from 1.6% in ASO SCR transfected cells to 8% in TERRA-ASO transfected cells 

(Figure 32B). These findings indicate that TERRA molecules may impede hTR 

clustering and its localization to chromosome ends. These results are consistent with 

the role of TERRA in impairing telomerase activity in human cancer cells.  

 

Figure 32: TERRA knockdown leads to increased number of hTR foci at telomeres. A-B) 

Quantification of the number of telomeric hTR foci observed per nucleus in the indicated samples: in 

A, colocalizing events are represented as n° of RAP1/hTR colocalizations per cell (each dot represents 

a nucleus). Mean ± SD is shown and unpaired non-parametric Mann-Whitney test was used for 

statistical analysis. In B, the percentage of cells presenting 1-4, 5-10 or >10 hTR foci at telomeres is 

shown. TWO-WAY ANOVA test confirms significant differences among samples considering all groups 

of each sample: p-value: **< 0.01. p-values: ns: non-significative; **, <0.01; ****, <0.0001. N= 131 cells 

for ASO SCR, 122 cells for TERRA-ASO; n= 2 biological replicates. 
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DISCUSSION 

 
The length of chromosome ends is a key determinant of cellular replicative 

senescence as it determines the number of cell divisions a cell can undergo 

throughout its life. The physiological telomere shortening acts as a powerful tumor-

suppressor mechanism by limiting the proliferative capacity of a cell. The activity of 

telomerase confers replicative immortality to most cancer cells and extends the 

lifespan of stem cells and progenitor cells, by adding telomeric repeats to the 3’ end 

of chromosomes. 

In 2008 it has been shown by Schöftner and Blasco109 that short TERRA-like 

oligonucleotides are able to inhibit telomerase activity both in mouse and human 

cellular extracts, most likely by base pairing with the template region of hTR. 

Subsequently, the association of TERRA with both hTR and hTERT was reported by 

co-immunoprecipitation experiments156 supporting a probable TERRA inhibitory role 

in telomerase activity regulation. Despite these findings, it remains unclear why 

increased levels of TERRA do not result in telomerase inhibition in different cellular 

contexts (iPSCs, stem cells, ICF derived cells)160 and perhaps even more surprisingly, 

why inducible over-expression of TERRA from an engineered telomere does not 

impair the elongation of this chromosome157. Here, using a single molecule approach 

combined with confocal microscopy I obtained data supporting a model in which the 

localization of TERRA transcripts at telomeres may be critical for the function of 

TERRA in the regulation of telomerase. While the mechanism of TERRA-mediated 

telomerase regulation still needs to be dissected, this model will enable to reconcile 

the conflicting evidence in the field. Indeed, increased TERRA expression does not 

necessarily correlate with telomeric localization of TERRA transcripts due to the 

presence of several pathways involved in the active displacement of TERRA from 

chromosome ends108,151. 

In support of this model, I found that TERRA and the RNA subunit of telomerase (hTR) 

colocalize in HeLa cells. These results indicate that only a minority of TERRA and 

hTR molecules are involved in the formation of TERRA-hTR particles, since 82% of 

cells displays only 1 to 4 TERRA-hTR colocalizing foci (average number of TERRA 

and hTR foci detected per cell is 13 and 94, respectively), suggesting that the TERRA-
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hTR interaction is a highly regulated process. Interestingly, also the telomeric 

localization of TERRA-hTR particles is tightly regulated, since only about 41% of cells 

shows TERRA-hTR particles at chromosome ends. In this regard, I report that the 

localization of TERRA and TERRA-hTR particles at telomeres inversely correlates 

with telomerase activity. This observation comes from two different model systems: a 

model in which short telomeres are re-elongated by telomerase, and a second 

approach involving HeLa cells expressing a mutant form of POT1 that enables 

unrestrained elongation of telomeres by telomerase. Notably, both models do not 

exogenously alter the levels of telomerase. Furthermore, the two models involve cells 

with different telomere length, indicating that these observations are not dependent 

on the length of telomeres. Remarkably, the opposite scenario has been observed in 

budding yeast, in which TERRA transcripts expressed from a single telomere 

colocalize with the telomerase RNA TLC1 at short chromosome ends to promote 

telomerase activity161. The evidence presented here suggests that the presence of 

TERRA transcripts at human telomeres may instead impair telomerase activity. While 

the molecular details of this process will need to be elucidated, we hypothesize that 

TERRA-hTR base pairing at chromosome ends will affect the recruitment and/or the 

retention of telomerase to telomeres. Indeed, it has been observed that the base 

pairing between the single-stranded telomeric DNA and the hTR template sequence 

is essential to stabilize telomerase recruitment to chromosome ends82,97. The 

presence of TERRA to telomeres may interfere with such pairing by competing with 

the G-rich single-stranded telomeric DNA for hTR binding. This process is expected 

to impact telomerase recruitment and/or its retention to telomeres. In support of this 

hypothesis, the experiments of TERRA knock-down using antisense oligonucleotides 

have shown increased number of hTR molecules to chromosome ends upon TERRA 

depletion. In these experiments I observed a mild decrease in TERRA levels from 

telomeres upon TERRA ASO transfection, as detected by RT-qPCR. In future studies, 

TERRA downregulation should be assessed by Northern Blot in order to quantify the 

effect of the TERRA ASO transfection on the total levels of TERRA. Despite this mild 

decrease in TERRA levels, our experiments also revealed increased formation of hTR 

foci upon TERRA depletion, even if the hTR expression levels remained unchanged. 

Importantly, a similar effect was previously observed in mouse embryonic stem cells 

(mESCs), where TERRA downregulation by TERRA ASO transfection resulted in 

increased number of hTR foci148; however, in that case, an increase in hTR levels 
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was also detected. These findings suggest that TERRA-hTR interaction could impact 

hTR clustering in human cells. While the biological relevance of this effect remains to 

be defined, it has been observed that it is a cluster of telomerase molecules to stably 

associate with telomeres to promote telomere elongation82,97. In this respect, by 

preventing telomerase clustering, TERRA molecules may thus also negatively impact 

telomerase recruitment to chromosome ends. Notably, also in this case, the opposite 

scenario has been observed in budding yeast, where TERRA positively regulates 

telomerase activity. Indeed, in this model system, TERRA transcripts were observed 

to promote telomerase RNA clustering and its subsequent recruitment to short 

chromosome ends as a cluster containing both TERRA and telomerase RNA 

molecules161. Recently it has been developed an approach to tag and visualize hTR 

molecules in living human cells82. It would be interesting to use this approach to study 

the effect of TERRA downregulation on hTR clustering by live cell imaging. By these 

experiments it will be possible to study the clustering as well as the residence time of 

hTR to telomeres. The use of fluorescence recovery after photobleaching (FRAP) will 

also give information on the dynamics of hTR clusters. 

In addition to the inverse correlation between the telomeric localization of TERRA and 

telomerase activity, I observed that downregulation of the essential component of 

telomerase TCAB1 does not influence the telomeric localization of TERRA. As TCAB1 

has been observed to be essential to telomerase stability at telomeres and telomere 

elongation184,185, these findings are in agreement with a model in which, differently 

from the condition in yeasts, TERRA is not recruited at human telomeres while 

interacting with telomerase.  

In this regard, TERRA has been observed to interact with both TRF1 and TRF2118,132, 

and with components of the telomeric chromatin, such as HP1 and 

H3K9me3115,121,144. In addition, TERRA transcripts can form R-loop structures by base 

pairing with their C-rich DNA template strand135,136. Thus, different mechanisms may 

promote TERRA recruitment to telomeres in a telomerase independent way. In line 

with previous evidence, I observed that telomere shortening upon BIBR1532 

treatment of HeLa cells results in increased TERRA levels121. Why would TERRA 

levels increase from short telomeres if one of TERRA functions is to repress telomere 

elongation? We have not yet an answer to this question, although we can hypothesize 

that short telomeres have a less compact chromatic state that enables increased 
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transcription of TERRA121. Furthermore, eroded telomeres may retain a lower number 

of TERRA repressors, and TRF2 has been shown to inhibit TERRA expression115. 

Shorter telomeres would result in a lower number of TRF2 binding sites and less TRF2 

bound to repress TERRA transcription. Further studies are needed in order to define 

the mechanism of TERRA expression from short telomeres. Nevertheless, the 

observations presented here suggest that even if TERRA levels increase when 

telomeres shorten, TERRA transcripts preferentially localize to the longest telomeres, 

thus to the chromosome ends with lowest priority to be elongated. This conclusion 

was based on the quantification of the integrated density of RAP1 IF signal 

colocalizing or not with TERRA foci. The results were surprising as the signal of 

TERRA-colocalizing RAP1 foci was found to be much more intense than the signal of 

telomeres not colocalizing with TERRA. Remarkably, this effect was observed in 

multiple cellular contexts, including cells with short (BIBR1532-treated) or long 

telomeres (POT1-ΔOB expressing), indicating that it is not dependent on the overall 

telomere length in the cells. We considered that the RAP1 IF signal may be influenced 

by the chromatinic state of the telomere: a more compacted chromatin of some 

telomeres could affect the antibody binding to the RAP1 protein, masking the epitope. 

For this reason, we operated to confirm these results using a system in which we 

visualized telomeres by overexpressing the TRF1-mCherry protein. By this approach, 

we could detect the telomeric signal without the use of the antibody. Interestingly, 

results from the two techniques converged indicating that the telomeric foci 

colocalizing with TERRA foci display significantly higher intensity that the telomeric 

signals not colocalizing with TERRA (data not shown). Longer telomeres are expected 

to contain a higher number of shelterin and TERRA-binding proteins TRF1 and TRF2, 

which may contribute to the preferential recruitment of TERRA to these chromosome 

ends. Furthermore, as telomeres are genomic loci difficult to be replicated due to their 

high repetitive sequence, longer telomeres may result in higher number of paused or 

stalled replication forks186. TERRA has been proposed to contribute to replication fork 

restart upon replicative stress at telomeres187 which may suggest a possible biological 

function and the presence of an active recruitment mechanism of TERRA to longer 

telomeres. Nevertheless, it should be noted that at this point, while these results were 

very interesting to us, we cannot exclude that the brightest telomeric foci may 

represent clusters of telomeres instead of longer telomeres. Telomere clustering has 

been observed as common feature of ALT cancer cell, and it can also occur, although 



 

 83 

much less pronounced than in ALT cells, in telomerase-positive cells188. We are 

currently trying to investigate this possibility by performing super resolution 

microscopy, both Stochastic Optical Reconstruction Microscopy (STORM) and 

Structured Illuminated Microscopy (SIM) to discriminate telomere clusters from single 

chromosome ends in fixed cells.  

Evidence from our laboratory confirmed that TERRA molecules localize to 

chromosome ends mainly in trans, consistent with a scenario in which TERRA 

transcripts expressed from short telomeres relocate to the longer ones. Indeed, a 

previous master student in the lab, Elena Goretti, used the CRISPR/dCas9 reporter 

system to label the subtelomeric region of chromosome 15q in cells engineered to 

express endogenous telomere 15q TERRA transcripts tagged with the MS2-GFP 

system, also known as TERRA-MS2 clones which were previously generated in the 

AGS human stomach cancer cell line in our lab164. The use of the CRISPR/dCas9 

system has been previously shown as a robust approach to detect repetitive 

sequences by live imaging189,190. In particular, co-expression of guide RNAs targeting 

repetitive genomic regions along with a BFP-fused dCas9 protein, enables the 

visualization of the targeted genomic locus in living cells by fluorescence microscopy. 

Live cell imaging of TERRA-MS2 clones upon expression of a guide RNA targeting a 

repetitive sequence within subtelomere 15q, allowed the detection of two discrete 

dCas9-BFP nuclear foci per cell co-localizing with TRF1-mCherry foci (Figure 33). 

These findings are in line with the presence of two copies of chromosome 15q in the 

AGS cell line. 

 

Figure 33: BFP-fused dCas9 allows the detection of telomere 15q in AGS MS2-15q-TERRA cells. 

Telomeres are detected by expression of TRF1 shelterin protein fused to mCherry fluorophore. 

Telomere 15q is detected through co-transfection of dCas9-BFP and a 15q-specific sgRNA. Examples 

of colocalization events between TRF1-mCherry and dCas9-BFP signals are highlighted by the white 
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arrows in the merge image. Scale bar: 10 µm. Live-cell imaging, images acquisition and analysis 

performed by Elena Goretti. 

By this approach, it has been tested whether TERRA molecules localize to their 

telomere of origin, by performing live imaging of TERRA-MS2-GFP particles, 

corresponding to MS2-tagged TERRA transcripts expressed from telomere 15q, 

dCas9-BFP-tagged subtelomere 15q and TRF1-mCherry-tagged telomeres (Figure 

34A). Quantification of TERRA-MS2-GFP foci colocalizing with subtelomere 15q or 

other telomeres revealed that only 7 out of 408 particles, corresponding to the 1.7% 

of the TERRA particles analyzed, colocalized with their telomere of origin (in cis 

localization), while 57 out of 408 particles (14% of the particles analyzed) were 

detected at other telomeres. 344 out of 408 did not localize at telomeres (84,3%) 

(Figure 34B). These findings are in line with my observations that TERRA transcripts 

which may be expressed from short telomeres quickly relocate to other chromosome 

ends. These live cell imaging studies were performed in collaboration with the 

laboratory of Dr. Pascal Chartrand at the University of Montreal.  
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Figure 34: Telomere 15q-derived TERRA-MS2 does not predominantly localize to its telomere 

of origin. A) Time-lapse of 15q-derived TERRA-MS2-GFP molecules, TRF1-mCherry signal and 

dCas9-BFP co-transfected with 15q-specific sgRNA in AGS MS2-15q-TERRA clones. Examples of in 

trans localization of 15q-TERRA-MS2-GFP particles are shown in T1 and T5 frames, indicated by the 

white arrows pointing at TERRA-MS2_GFP foci colocalizing with TRF1-mCherry foci. Light blue arrows 

point to subtelomeres 15q. B) Quantification of 15q-TERRA-MS2-GFP particles localizing in cis or in 

trans. The pie-chart reports: the percentages of TERRA 15q-derived foci overlapping with or in 

proximity to the telomere 15q signal (in cis), the percentages of 15q-TERRA-MS2-GFP transcripts co-

localizing or in proximity of other telomeres (in trans) and the percentage of TERRA-MS2 particles not 

colocalizing with telomeres. Scale bar: 10 µm. Live-cell imaging, images acquisition and analysis was 

performed by Elena Goretti. 

Notably, an in trans localization of TERRA has been recently reported by the Lingner’s 

lab168. In this study, expression of TERRA from extrachromosomal sites was achieved 

upon integration of a TERRA-expressing plasmid, using a CMV promoter, in HeLa 

cells. By these experiments, it was reported that TERRA molecules, even if expressed 
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from an extratelomeric site, relocate to chromosome ends, supporting an in trans 

localization of TERRA at telomeres. 

 

In summary, from the results discussed in this thesis project, I propose a model in 

which TERRA acts as a negative regulator of telomere elongation by telomerase. In 

a steady state condition, TERRA localizes at telomeres and in the nucleoplasm, 

bound or unbound to telomerase. Telomeric TERRA is preferentially associated with 

the longer chromosome ends where it can act as a competitor of the single stranded 

telomeric DNA for the binding of the template region of hTR (Figure 35A and 35B). 

This mechanism could participate in tuning telomerase activity towards the shortest 

telomeres in the cell. Indeed, TERRA transcripts are displaced from short telomeres 

preventing interference with telomerase activity (Figure 35C). To confirm this model, 

we are currently leveraging an HeLa cell clone, in which TERRA expression can be 

repressed at a subset of telomeres through a TALE system (the cells were kindly 

provided by Dr. Claus Maria Azzalin laboratory). Using these cells, I will test whether 

telomere re-elongation is influenced by the repression of TERRA transcription.  
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Figure 35: Proposed model for the regulation of telomerase activity by telomeric TERRA 

transcripts. A-B) At long telomeres TERRA forms an R-loop structures by base pairing with the 
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telomeric DNA C-rich strand (A) and/or binds telomere-binding proteins such as TRF1 and TRF2 (B). 

Recruitment and/or retainment of TERRA transcripts to these chromosome ends results in telomerase 

inhibition, competing with the single strand DNA 3’ overhang for the base pairing of hTR template 

sequence, suppressing telomere elongation. C) TERRA transcripts are not recruited, or they are 

displaced from short chromosome ends. At these telomeres the base pairing of the template region of 

hTR to the telomeric 3’ overhang is not inhibited by the presence of TERRA molecules and telomere 

elongation can proceed. Schematic created with Biorender.com 

 

Importantly, in addition to the proposed telomeric function of TERRA in regulating 

telomerase activity, the results here presented suggest that TERRA transcripts may 

influence telomerase clustering. This function of TERRA may be exerted in the 

nucleoplasm, where most TERRA-hTR particles are detected, regulating telomerase 

holoenzyme formation or telomerase trafficking. Additional investigations on the 

subnuclear localization of TERRA transcripts and TERRA-hTR particles will help gain 

insights into this mechanism. 

In this regard, we did not detect TERRA at Cajal bodies (data not shown), suggesting 

that TERRA transcripts are not involved in the regulation of hTR maturation steps that 

occur at these subnuclear compartments. 

Since several functions have been proposed for TERRA at chromosome ends118, we 

anticipate that not all TERRA molecules localizing at telomeres are involved in 

telomerase regulation. How the different roles of TERRA at telomeres are regulated 

remains to be defined. We expect that TERRA molecules would need to be recruited 

at the very end of the telomere to be able to regulate telomerase, as only in this 

position they would be able to compete with the single-stranded telomeric DNA for 

hTR binding. Future studies also involving mutant telomeric proteins binding TERRA 

will help understanding how the control of the telomeric localization of TERRA 

transcripts is achieved.  
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SUPPLEMENTARY MATERIAL 
 

To validate the use of RAP1 IF signal integrated density quantification as a proxy 

for telomere length determination in fixed cells, telomeric DNA FISH and RAP1 IF 

(Figure S1A) were performed by Marta Andolfato, previous master student in the lab. 

By performing telomeric DNA FISH/IF the average integrated density of telomeres 

per cell was quantified and then the distance in the integrated density of each 

telomeric focus from the average telomere integrated density of the cell was 

determined using both techniques. These analyses revealed a strong positive 

correlation between RAP1 IF and telomeric DNA FISH signals (Spearman’s 

correlation coefficient = 0.7, n = 342, p < 0.0001) (Figure S1B and S1C), indicating 

that quantification of RAP1 IF foci integrated density can be used to discriminate long 

versus short telomeres compared to the average telomere length of the cell. 

 
Supplementary Figure S1: RAP1 immunofluorescence is a reliable approach to assess telomere 

length. A) Detection of telomeres either through DNA-FISH or RAP1 IF in HeLa cells. The two signals 

overlap completely, the slight shift is due to microscope resolution. Overlapping example can be 

observed in figure insert at higher magnification. B) An example of the trend observed for RAP1 and 

telomeric probe signals in one nucleus. Distance from the average integrated density is shown. Each 

dot represents a single telomere focus (RAP1 in green and TeloC probe in magenta). C) Table 

reporting the positive correlation between RAP1 IF and telomeric DNA-FISH signals assessed on 342 

foci with Spearman’s rank correlation coefficient which resulted equal to 0.7 (strong positive 

correlation). Scale bar: 5 μm. Experiment performed, and images acquired and analyzed by Marta 

Andolfato.  
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