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Abreviations 

 

53BP1 Q12888
1
 TP53-binding protein 1 

ALT  Alternative lengthening of telomeres 

alt-NHEJ  Alternative NHEJ 

APB  ALT-associated promyelocytic leukaemia body 

ATM Q13315 Serine-protein kinase ATM 

ATR Q13535 Serine/Threonine-protein kinase ATR 

B  TRF2 Basic domain 

BFB  Breakage-fusion-bridge 

BLM P54132 Bloom syndrome protein 

BRCA1 P38398 Breast cancer type 1 susceptibility protein 

BUB1 O43683 Mitotic checkpoint serine/threonine-protein kinase BUB1 

BUB3 O43684 Mitotic checkpoint protein BUB3 

BUBR1 O60566 Mitotic checkpoint serine/threonine-protein kinase BUB1 beta 

c-NHEJ  Classical NHEJ 

CDKN2A P42771 Cyclin-dependent kinase inhibitor 2A gene 

CDT1 Q9H211 DNA replication factor Cdt1 

CHK1 O14757 Serine/threonine-protein kinase Chk1 

CHK2 O96017 Serine/threonine-protein kinase Chk2 

CIN  Chromosome instability 

CRISPR  Clustered regularly interspaced short palindromic repeats 

CST  CTC1-STN1-TEN 

CTC1 Q2NKJ3 CST complex subunit CTC1 

CtIP Q99708 DNA endonuclease RBBP8 

d-loop  Displacement loop 

DCIS  Ductal carcinoma in situ 

DDR  DNA damage response 

DKC1 O60832 H/ACA ribonucleoprotein complex subunit DKC1 

DNA-PK  DNA-dependent protein kinase 

DNA-PKcs P78527 DNA-dependent protein kinase catalytic subunit 

DOX  Doxycycline 

ds-DNA  Double stranded-DNA 

DSB  Double strand breaks 

E2F  Transcription factor E2F family 

E6 P03126 Protein E6 

E7 P03129 Protein E7 

EXO1 Q9UQ84 Exonuclease 1 

FBS  Foetal bovine serum 

                                                             

 
1 Swissprot number of the human variant 



 

G4  Guanine quadruplexes 

GAR1 Q9NY12 H/ACA ribonucleoprotein complex subunit 1 

H  TRF1/2 Hinge domain 

H2AX P16104 Histone H2AX 

HJ  Holiday junction 

HMEC  Human mammary epithelial cell 

hnRNPA1 P09651 Heterogeneous nuclear ribonucleoprotein A1 

HPV-16  Human papillomavirus type 16 

HR  Homologous recombination 

HRP  Horseradish peroxidase 

iDDR  Inhibitor of DDR region 

Ku70 P12956 X-ray repair cross-complementing protein 6 

Ku80 P13010 X-ray repair cross complementing protein 5 

LATS2 Q9NRM7 Serine/Threonine-protein kinase LATS2 

M  TRF1/2 Myb domain 

Mad1 Q9Y6D9 Mitotic spindle assembly checkpoint protein MAD1 

Mad2 Q13257 Mitotic spindle assembly checkpoint protein MAD2A 

MRE11 P49959 Double-strand break repair protein MRE11 

MRN  MRE11/RAD50/NBS1 

MTS  Multitelomeric signals 

MYC P01106 Myc proto-oncogen protein 

NBS1 O60934 Nibrin 

NHEJ  Non-homologous end joining 

NHP2 Q9NX24 H/ACA ribonucleoprotein complex subunit 2 

NOP10 Q9NPE3 H/AC ribonucleoprotein complex subunit 3 

NOP10-NHP2-GAR  Nucleolar protein family A member 1 

p107 P28749 Retinoblastoma-like protein 1 

p130 Q08999 Retinoblastoma-like protein 2 

p16INK4a P42771 Cyclin-dependent kinase inhibitor 2A protein 

p53 P04637 Cellular tumour antigen p53 

p57 P49918 Cyclin-dependent kinase inhibitor 1C 

PARP1 P09874 Poly [ADP-ribose] polymerase 1 

PD  Population doubling 

PINX1 Q96BK5 PIN2/TERF1-interacting telomerase inhibitor 1 
POL  DNA Polymerase 

POT1 Q9NUX5 Protection of telomeres protein 1 

pRb P06400 Retinoblastoma-associated protein 

PVDF  Polyvinylidene fluoride 

RAD50 Q92878 DNA repair protein RAD50 

RAD51D O75771 DNA repair protein RAD51 homolog 4 

RAP  Repeat-addition processivity 

RAP1 Q9NYB0 Telomeric repeat-binding factor 2-interacting protein 1 



 

RIF1 Q5UIP0 Telomere-associated protein 1 

RNF168 Q8IYW5 E3 ubiquitin-protein ligase RNF168 

RPA  Replication protein A (RPA1-RPA2-RPA3) 

RPA1 P27694 Replication protein A 70kDa-binding subunit 

RPA2 P15927 Replication protein A 32 kDa subunit 

RPA3 P35244 Replication protein A 14kDa subunit 

RTEL1 Q9NZ71 Regulator of telomere elongation helicase 1 

SAC  Spindle assembly checkpoint 

SH-TO  Modified MCF-10A cell line; constitutively expresses shp53 and conditionally expresses TRF2DBDM 

shp53  short hairpin specific for p53 

SLX4 Q8IY92  Structure-specific endonuclease subunit SLX4 

ss-DNA  Single stranded-DNA 

SSB  Single strand breaks 

STN1 Q9H668 CST complex subunit STN1 

SV-TO  Modified MCF-10A cell line; constitutively expresses SV40LT and conditionally expresses TRF2DBDM 

SV40LT  Simian vacuolating virus 40 Large T antigen 

t-circle  Telomeric circle 

t-loop  Telomeric loop 

T-SCE  Telomere sister chromatid exchange 

TACC2 Q95359 Transforming acidic coiled-coil-containing protein 2 

TCAB1 Q9BUR4 Telomerase Cajal body protein 1 

TEN Q86WV5 CST complex subunit TEN1 

TERC  Telomerase RNA component 

TERRA  Telomeric repeat-containing RNA 

TERT O14746 Telomerase reverse transcriptase 

TGF-b P01137 Transforming growth factor beta-1 proprotein 

Thr  Threonine 

TIF  Telomere dysfunction-induced foci 

TIN2 Q9BSI4 TERF1-interacting nuclear factor 

TO  Modified MCF-10A cell line; conditionally expresses TRF2DBDM that expresses inducible cassette TRF2DBDM 

TPP1 Q96AP0 Adrenocortical dysplasia protein homolog 

TREX1 Q9NSU2  Three-prime repair exonuclease 1 

TRF  Telomeric restriction fragments 

TRF1 P54274 Telomeric repeat-binding factor 1 

TRF2 Q15554 Telomeric repeat-binding factor 2 

TRFH  TRF1/2 Homodimerisation domain 

vHMEC  variant HMEC 

vHMEC-shp53 Modified vHMEC cell line; constitutively expresses a shp53 

WRN Q14191 Werner syndrome ATP-dependent helicase 

WWTR1 Q9GZV5 WW domain-containing transcription regulator protein 1 

XLF Q9H9Q4 Non-homologous end-joining factor 1 

XRCC1 P18887 X-ray repair cross-complementing protein 1 



 

XRCC4 Q13426 X-ray repair cross-complementing protein 4 

YAP1 P46937 Transcriptional coactivator YAP
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Telomeres are nucleoprotein structures that cap the end of chromosomes and protect them from 

illegitimate recombination through a lariat conformation or t-loop that is mainly promoted by TRF2 

protein. Dysfunctional telomeres have been proved to be a mechanism capable of originating 

chromosome instability (CIN) in mouse and human cells, and promote tumorigenesis in mouse models. 

 

This dissertation thesis aims to generate immortalised but unstable cells due to telomere deprotection 

through progressive telomere shortening and by TRF2 depletion, and to evaluate their tumorigenic 

potential. In Work I, p16INK4a-deficient human mammary epithelial cells (vHMECs) lacking or not for p53 

function through specific short-hairpin RNA inactivation, were karyotyped at different population 

doublings to evaluate chromosomal abnormalities and their evolution. In the absence of telomerase, 

vHMECs progressively shortened their telomeres and subsequent end-to-end fusions initiated breakage-

fusion-bridge (BFB) cycles and promoted CIN. However, these unstable cells finally succumbed to cell 

cycle arrest, independently of their p53 checkpoint status. In contrast, hTERT overexpression in p53-

proficient vHMECs resulted in cells able to proliferate indefinitely with a nearly stable karyotype, while 

immortalised p53-deficient cells showed signs of CIN that could be permissive with an evolving 

karyotype. 

 

In Work II and Work III, acute telomere deprotection was induced by t-loop disassembly through transient 

expression of the dominant negative form of TRF2 (TRF2DBDM) in the mammary cell line MCF-10A and in 

immortalised HMEC derived from cosmetic reductions of four healthy donors, respectively. In Work II, 

acute telomere deprotection phenotype was reflected by the presence of TIFs and by an increase of end-

to-end fusions and anaphase bridges after TRF2DBDM induction. Anaphase bridges are considered the 

prelude to breakage-fusion-bridge cycles and subsequent karyotype reorganisations. However, no scars 

of BFB cycles or highly reorganised cells have been observed after transient expression of TRF2DBDM, 

independently of the status of p53 and pRb proteins. Instead, diploid cells were enriched after successive 

cycles of telomere deprotection induction, thus suggesting that excessive telomere deprotection could 

be detrimental for the origin of cells with highly reorganised karyotypes. According with these results, in 

Work III, immortalised HMEC through hTERT and SV40LT overexpression transiently expressing 

TRF2DBDM (HMEC-TO) exhibited an increase of anaphase bridges. But after a minimum of five cycles of 

telomere protection and deprotection, TRF2DBDM expressing cells did not display scars of telomere 

deprotection and ongoing BFB cycles. In contrast to MCF-10A derived cell lines, the HMEC-TO cell lines 

exhibited a progressive increase of polyploid cells as a consequence of SV40LT immortalisation process. 

Independently of the cause of polyploidy increase, cells exposed to TRF2DBDM expression cycles did not 

exhibit a telomere dysfunction phenotype or either a tumorigenic potential, thus suggesting that 

TRF2DBDM expression provoked a deleterious effect over TRF2DBDM expressing cells and prevented CIN 

emergence. 

 

In conclusion, the present dissertation provides evidence that telomere dysfunction acts as a double 

sword mechanism for genome integrity. On the one hand, telomere shortening induces a mild and 

progressive DNA damage that firstly is compatible with cell viability, until damage is high enough to 

induce cell death. On the contrary, shelterin dysfunction affects widely to all chromosomes inducing an 
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exacerbated cell response that is deleterious for cell viability and karyotype reorganisation. This Thesis 

illustrate that acute telomere deprotection through shelterin dysfunction could be a useful tool to impinge 

an exacerbated DNA damage and maintain genome integrity in human mammary cells. 
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Els telòmers són estructures nucleoprotèiques que segellen l’extrem cromosòmic i el protegeixen de la 

reparació il·legítima mitjançant la formació d’un llaç telomèric anomenat t-loop que està modulat per la 

proteïna TRF2. En les últimes dècades, s’ha demostrat que la disfunció telomèrica és un mecanisme capaç 

d’originar inestabilitat cromosòmica (CIN) en cèl·lules humanes i de ratolí i promoure la tumorigènesis en 

models murins. 

 

L’objectiu d’aquesta tesi és immortalitzar cèl·lules telomèricament inestables i avaluar el seu potencial 

tumorigènic mitjançant la desprotecció telomèrica a través de l’escurçament telomèric o de la disfunció 

de la proteïna TRF2. En el Treball I, cèl·lules epitelials mamàries humanes deficients per p16INK4a 

(vHMECs) i deficients o no per p53 (p53+/+) foren cariotipades a diferents temps de doblatge per avaluar 

la presència d’anomalies cromosòmiques i l’evolució del cariotip. En l’absència de la telomerasa, els 

telòmers s’escurçaren de forma progressiva fins esdevenir desprotegits, i la subseqüent reparació 

il·legítma dels extrems afavorí l’entrada en cicles de ruptura-fusió-pont (BFB) i disparà la CIN. Tanmateix, 

les cèl·lules inestables finalment moren independentment de la funcionalitat de p53. Per contra, la 

sobreexpressió d’hTERT en les cèl·lules vHMEC-p53+/+ afavoreix la proliferació indefinida amb un cariotip 

gairebé estable, mentre que la immortalització de les cèl·lules vHMEC-shp53 amb signes de CIN és 

permissiva amb la proliferació cel·lular i l’evolució del cariotip. 

 

Al Treball II i al Treball III, la desprotecció telomèrica aguda va ser induïda mitjançant l’expressió transitòria 

d’un dominant negatiu de TRF2 (TRF2DBDM). El dany telomèric agut fou avaluat en la línia cel·lular epitelial 

mamària MCF-10A (Treball II) i en cèl·lules epitelials mamàries (HMECs) immortalitzades derivades de 

pacients sanes (Treball III). Al Treball II, la desprotecció telomèrica mitjançant TRF2DBDM generà un 

increment de TIFs, fusions telomèriques i ponts anafàsics. Els ponts anafàsics es consideren els inductors 

dels cicles (BFB) i de la posterior reorganització cariotípica. No obstant, no s’observaren reorganitzacions 

cromosòmiques derivades dels cicles BFB després de l’expressió transitòria del TRF2DBDM, 

independentment de la funcionalitat de les proteïnes p53 i pRb. Després de successius cicles de 

desprotecció telomèrica, s’observà un increment en el nombre de cèl·lules diploides, tot suggerint que 

l’excessiu dany telomèric evitaria la proliferació d’aquelles cèl·lules que podrien esdevenir altament 

reorganitzades. Al Treball III s’expressà TRF2DBDM en HMECs immortalitzades mitjançant hTERT i l’antigen 

SV40LT (HMEC-TO). L’expressió transitòria del TRF2DBDM induí l’increment de ponts anafàsics, però les 

cèl·lules tampoc presentaren reorganitzacions pròpies dels cicles BFB en marxa. A diferència del Treball 

II, les cèl·lules poliploides incrementaren arrel del procés d’immortalització. Independentment de la causa 

d’aquest increment en les cèl·lules poliploides, les cèl·lules exposades als cicles d’expressió de TRF2DBDM 

no presentaven un fenotip associat a la disfunció telomèrica, ni tampoc un potencial tumorigènic, tot 

suggerint que l’expressió del mutant TRF2DBDM provoca un efecte deleteri sobre la viabilitat cel·lular i 

l’inici de la CIN. 

 

En resum, la present tesi evidencia que el grau de dany telomèric és una eina de doble fil en el 

manteniment de la integritat genòmica. Per una banda, l’escurçament telomèric indueix un dany cel·lular 

progressiu i lleu, compatible amb la viabilitat cel·lular. Quan el dany telomèric assoleix un cert llindar, la 

cèl·lula activa mecanismes dependents i independents de p53 que indueixen la seva mort. Pel contrari, la 
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disfunció de TRF2 afecta a un nombre molt elevat de telòmers i indueix una exagerada resposta cel·lular 

que la fa incompatible amb la viabilitat cel·lular i la reorganització del cariotip. Aquesta tesi demostra que 

la desprotecció simultània d’un nombre elevat de telòmers pot ser una eina útil per generar un dany al 

DNA molt elevat i mantenir la integritat genòmica. 
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1. Brief history of telomeres 

Pioneer studies by Dr. Müller in Drosophila melanogaster showed that after X-ray irradiation, 

chromosomes broke, fused and rearranged with each other (Muller, 1938). However, these chromosomal 

rearrangements barely involved the chromosome termini, thus suggesting an inability of chromosome 

ends to fuse with the broken chromosomes. These studies led Dr. Müller to describe telomeres (from the 

Greek telos, “end”, and meros, “part”) as structures that seal the end of linear chromosomes and are 

functionally different from the rest of the chromosome (Muller, 1938). Simultaneously, Dr. McClintock’s 

studies in Zea mays illustrated that after a mechanical chromatid breakage during meiotic anaphase I, 

single broken chromatids from each homologue chromosome fused at the position of the breakage. This 

fusion led to the formation of a dicentric chromatid. Subsequently, in the following anaphase (anaphase 

II), this dicentric chromatid could not freely segregate, as the two centromeres were pulled to the 

opposite poles of the cell. Then, due to the generated tension, the resulting chromatid bridge finally 

broke. The new broken ends were predisposed to fuse to each other in the daughter cells, forming a new 

dicentric chromatid, which would again start a new breakage-fusion-bridge (BFB) cycle (McClintock, 

1941). Like Dr. Müller, she noticed that these fusions barely involved the end of unbroken chromosomes 

(McClintock, 1941; Muller, 1938). Therefore, both studies strongly suggested that telomeres protect 

chromosome ends from illegitimate rejoining and are essential for chromosome stability. 

 

It was late in the 1970s that Dr. Blackburn and Dr. Gall elucidated the specific features of the Tetrahymena 

termophila telomeric sequence (Blackburn & Gall, 1978). This ciliate contains extrachromosomal linear 

molecules that encode for ribosomal RNA. These linear DNA material are flanked by 3’-(TTGGGG)n-5’ 

repeats, where n is between 20 and 70 repeats, and finishes in an undescribed stable structure (Blackburn 

& Gall, 1978). These features give the telomeric repeats the ability to function as a stable DNA end. Years 

later, Dr. Szostak and Dr. Blackburn generated a linear plasmid flanked with telomeric repeats from 

Tetrahymena termophila and they inserted it into Saccharomyces cerevisiae (Szostak & Blackburn, 1982). 

The Tetrhaymena plasmids remained stable inside the yeast cells (Szostak & Blackburn, 1982), thus, 

suggesting that the structural features of telomeres are highly conserved through evolution (Szostak & 

Blackburn, 1982). Indeed, telomeres are conserved G-rich sequences that end in a G-rich overhang 

(Wright et al, 1997), but they can vary between organisms in sequence, length, and number of repeats 

(Telomerase Database, 2013). These differences are notable in the case of invertebrates, plants, protozoa 

and fungi (Telomerase Database, 2013). In contrast telomere sequence in vertebrates is highly conserved 

being (TTAGGG)n, regardless of telomere length and repeats (Meyne et al, 1989; Moyzis et al, 1988). 

 

Dr. Szostak and Dr. Blackburn also reported that telomeres from Tetrahymena became longer and 

heterogeneous inside Saccharomyces (Szostak & Blackburn, 1982). Dr. Shampay et al went into detail 

about this oddity and found that the telomeres from Tetrahymena inserted in Saccharomyces contained 

the sequence of yeast telomeres, C1-3A instead of (TTGGGG)n, in an apparently non-template-manner 

(Shampay et al, 1984). This report suggested that some yeast enzymes played a fundamental role in 

telomere replication. Following this line of evidence, in 1985, Dr. Greider and Dr. Blackburn found that 

Tetrahymena cell free extracts added TTGGGG repeats onto synthetic telomere primers, and this strand 
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elongation was the template for the synthesis of the complementary C-rich strand (Greider & Blackburn, 

1985). The enzyme responsible for the addition of new telomeric restriction fragments (TRF) and 

telomere elongation in vivo was telomerase. Telomerase is a ribonucleic protein and has two different 

properties: first it hybridises with the 3’ overhang (G-rich strand) through its RNA component (TERC), 

and secondly it elongates the telomeres through its catalytic domain (TERT) (Greider & Blackburn, 1987). 

In 1997, Dr. Cech et al described human telomerase, showing that its activity is related to the expression 

of hTERT catalytic domain (Lingner et al, 1997; Nakamura et al, 1997). 

 

The connection between DNA loss due to inability to fully replicate DNA, as a cause of cell death was 

first associated by Dr. Olovnikov in 1973. He proposed the Theory of Marginotomy (Olovnikov, 1973) in 

which the limited division potential of human fibroblast (replicative senescence) observed by Dr. Hayflick 

and Dr. Moorhead (Hayflick & Moorhead, 1961) was related to the shortening of telomeres in every 

mitosis, due to the inability of conventional DNA polymerases to fully replicate telomeres. This theory 

was corroborated in the 1990s, when Dr. Harley et al described that the telomere length from human 

fibroblasts was inversely correlated with cell age in vitro and in vivo (Harley et al, 1990; Allsopp et al, 

1992). This telomere shortening was influenced by three factors: the absence of telomerase expression 

in somatic human cells (Allsopp et al, 1992), the impossibility to fully replicate chromosome ends (Watson, 

1972) and lastly the active degradation of the 5’ chain to generate a single stranded-DNA, essential for 

t-loop formation and telomere-end protection (Makarov et al, 1997; Wright et al, 1997). The loss of 

telomeric sequences results in a progressive telomere shortening until a critical length is reached. At this 

point, the Hayflick limit, the cells enter into replicative senescence, i.e. the cells are arrested at G1 with 

an stable karyotype, although they are metabolically active (Hayflick & Moorhead, 1961; Campisi & 

d’Adda di Fagagna, 2007). Moreover, when telomerase was expressed in normal human somatic cells, 

they exceeded their normal lifespan by at least 20 population doublings (PDs) with a normal karyotype 

(Bodnar et al, 1998). Thus, establishing a causal relationship between telomere shortening and in vitro 

cellular senescence (Bodnar et al, 1998). 

 

Mouse mTERC-/- models demonstrated the deleterious effect of telomere shortening on embryonic 

development, age-related diseases and lifespan (Blasco et al, 1997; Lee et al, 1998; Rudolph et al, 1999). 

However, the deletion or malfunction of critical genome-keeper proteins, such as p53, could spin the 

deleterious effect of telomere dysfunction. Instead, p53 deficiencies together with telomere shortening 

enhanced chromosome instability and promoted the generation of carcinoma tumours (Chin et al, 1999; 

Artandi et al, 2000). 

 

2. Telomere Structure: DNA and Proteins 

2.1. DNA 

Mammalian telomeres are formed by TTAGGG tandem DNA repeats (Moyzis et al, 1988) that end in a 

single-stranded 3’-guanosine rich overhang (G-rich overhang or 3’ overhang) (FIGURE 1A) (Wright et al, 

1997; Makarov et al, 1997). Although the telomere structure is highly conserved among mammals, there 

is inter- and intra-species telomere length variability. For example, human telomeres length is between 9 
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and 15 kb (Allsopp et al, 1992), whereas telomere length in mice ranges from 10-80 kb (Zijlmans et al, 

1997). Similarly, length variability between species also occurs in the G-rich overhang (Klobutcher et al, 

1981; Wright et al, 1997; Makarov et al, 1997). In the case of human cells, the overhang measures 

between 150-200 nucleotides (Wright et al, 1997; Makarov et al, 1997), but in ciliated protozoans it is 

only 12-16 bases in length (Klobutcher et al, 1981). Importantly, this conserved DNA structure at the 

chromosome end plays an essential role in the formation of the telomeric-loop (t-loop), the lariat structure 

that caps linear chromosomes (FIGURE 1B-B’) (Griffith et al, 1999). T-loops have been visualised in several 

organisms in the Eukarya domain, including ciliates, protists, plants, invertebrates and vertebrates (Griffith 

et al, 1999; Doksani et al, 2013; Raices et al, 2008; Cesare et al, 2003; Muñoz-Jordán et al, 2001; Murti 

& Prescott, 1999). In short, the t-loop originates through the invasion and pairing of the G-rich single-

stranded (ss) overhang into the preceding C-strand of the ds-telomeric DNA tract, while the G-strand of 

the ds-telomeric DNA is displaced (Griffith et al, 1999). This G-rich overhang invasion process generates, 

a displacement-loop or d-loop in addition to the t-loop (FIGURE 1B). 

 

T-loop formation and maintenance are promoted by specific proteins that interact with telomeric DNA 

throughout the cell cycle. Indeed, telomeric DNA is intimately associated with six proteins called 

shelterins that induces topology changes in the telomeric DNA chain to facilitate t-loop formation. 

Moreover, these proteins unwind telomeric DNA to assist telomere replication, modulate telomere 

protection and DDR (DNA Damage Response) activation and are also involved in the regulation of 

telomere elongation (Griffith et al, 1999; Sfeir & de Lange, 2012; Wu et al, 2012; Abreu et al, 2010). The 

lack of any shelterin protein, except RAP1 (Sfeir et al, 2010), results in telomere dysfunction, DDR 

activation, cell growth arrest and early embryonic lethality in mice (Karlseder et al, 2003; Chiang et al, 

2004; Celli & de Lange, 2005; Hockemeyer et al, 2006; Wu et al, 2006; Kibe et al, 2010). In humans, 

mutations in some of these proteins are related with telomere disorders or telomeropathies (TIN2 in 

dyskeratosis congenita autosomal dominant 3 and 5, MIM numbers 613990 and 268130; TPP1 in 

dyskeratosis congenita autosomal recessive 7 and autosomal dominant 6, MIM number 616553), or 

enhance tumorigenesis (POT1 in glioma and melanoma, MIM number 616568 and 615848) (OMIM. 

Human genetics knowledge for the world, 2018). 

 



34 Introduction  

 

 

 

 

2.2. Proteins: Shelterins 

Shelterin proteins are a group of six proteins that specifically coat the telomeric DNA and regulate 

telomeric processes throughout the cell cycle (FIGURE 1C). These shelterin proteins are: telomeric repeat-

binding factor 1 and 2 (TRF1 and TRF2), protection of telomeres protein 1 (POT1), TERF1-interacting 

nuclear factor (TIN2), Adrenocortical dysplasia protein homolog (ACD, also called TPP1), and Ras-related 

protein 1 (RAP1) (FIGURE 2). Shelterin proteins can be found as a single complex composed by the six 

proteins or different subcomplexes of interaction consisting mainly in TRF1-TIN2-TPP1-POT1 or RAP1-

TRF2-TIN2-TPP1-POT1. Only three of them interact directly with the telomeric DNA. TRF1 and TRF2 

interact with ds-DNA (Zhong et al, 1992; Chong et al, 1995; Broccoli et al, 1997) while POT1 interacts 

with single stranded-DNA (ss-DNA) (Baumann & Cech, 2001; Baumann et al, 2002). The other three 

shelterins modulate the telomere structure and function through protein-protein interactions (FIGURE 2). 

TIN2 directly links TRF1 and TRF2 (Ye et al, 2004a; Liu et al, 2004a) and indirectly POT1 through TPP1 

binding (Liu et al, 2004b; Takai et al, 2011). Finally, RAP1 interacts specifically with TRF2 (Bae & Baumann, 

2007; Sarthy et al, 2009; Arat & Griffith, 2012). Besides their interconnection, shelterin proteins act as a 

hub for other protein-protein interactions to regulate telomere protection and elongation (Palm & de 

Lange, 2008; Nandakumar et al, 2012; Zhong et al, 2012; Abreu et al, 2010; Frank et al, 2015). 

 

FIGURE 1. Telomere structure. A. Human telomeric DNA includes TTAGGG repeats that extends around 15 

kb and ends in single stranded-DNA chain, the G-rich overhang. B. Telomeric DNA folds up and invades the 

previous double stranded-telomeric track to finally conform the t-loop structure. B’. Micrograph of t-loop 

from HeLa cells, obtained by Griffith et al 1999. C. The telomeric DNA is not a naked structure. The shelterin 

proteins bind to and associate specifically with telomeric DNA. These proteins induce conformational changes 

and regulate telomere elongation and protection. 
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TRF2	

TRF2 was first described by Dr. Broccoli et al as a highly conserved homodimer protein localised in all 

human telomeres that specifically binds to duplex TTAGGG repeats (Broccoli et al, 1997). TRF2 

architecture consists of a basic (B) domain at its N-terminus, an homodimerisation (TRFH) domain, a 

flexible hinge (H) domain and a Myb (M) domain (FIGURE 3) (Broccoli et al, 1997). The B domain is essential 

for t-loop formation and prevention of Holliday-junction resolution (Wang et al, 2004; Fouché et al, 

2006a). The TRFH and the H domains are involved in protein-protein interactions (Broccoli et al, 1997; 

Kim et al, 2009; Chen et al, 2008; Li et al, 2000; Okamoto et al, 2013). Specifically, TRFH contains the 

homodimerisation domain and also interacts with several proteins to regulate overhang processing and 

telomere protection to early DDR activation (Kim et al, 2009; Chen et al, 2008; Okamoto et al, 2013). 

Likewise, the H domain also contains a motif related to DDR that can sever the DNA signalling cascade 

at an advanced step (iDDR motif). Besides that, the hinge domain is essential for TRF2 direct association 

with TIN2 and RAP1 (FIGURE 2). These interactions are important for the shelterin complex formation 

and the efficient regulation of non-homologous end joining (NHEJ) activity (Kim et al, 2009; Chen et al, 

2008; Li et al, 2000). Finally, the M domain directly binds with ds-DNA telomeric repeats (Broccoli et al, 

1997). 

 

 

 

 

First TRF2 functions were evidenced by studies with a dominant negative form of TRF2, devoid of the B 

and the M domain (TRF2DBDM), which demonstrated its implication in the formation of t-loops (Steensel 

et al, 1998). The modified protein was able to dimerise with endogenous TRF2. However, TRF2-TRF2DBDM 

complexes lacked the DNA binding capacity and consequently endogenous TRF2 was displaced from 

telomeres. At the chromosome level, the absence of TRF2 at telomeres resulted in unprotected 

chromosomes and the formation of end-to-end chromosome fusions (Steensel et al, 1998; Karlseder et 

FIGURE 2. Shelterin proteins. The six shelterin proteins are integrated in a single complex through TIN2. This 

complex is anchored to telomeric repeats through Myb domains of TRF1 and TRF2 and OB folds of POT1. 

Protein protein interactions are indicated with asterisks. Adapted from (Palm & de Lange, 2008). 

FIGURE 3. TRF2 structure and functions. TRF2 is a homodimer protein that directly interacts with telomeric 

DNA and multiple proteins. TRF2 is a key protein for t-loop conformation and is essential for telomere 

protection. Figure adapted from (Arnoult & Karlseder, 2015). 



36 Introduction  

 

al, 1999). This is in agreement with studies showing the requirement of TRF2 for t-loop formation (Griffith 

et al, 1999; Doksani et al, 2013). However, the specific mechanism by which TRF2 promotes the lariat 

structure is still unknown. To enlighten how t-loops are formed, some studies suggest that the ability of 

TRF2 to modify the DNA topology is correlated with its 3’ overhang invasion capabilities. Indeed, TRF2 

generates positive supercoils and promotes DNA condensation. At the same time the untwisting of the 

DNA regions flaking the TRF2 binding sites, due to its condensation activity, favours telomeric DNA 

invasion (FIGURE 4) (Amiard et al, 2007). In these sense, strand invasion depends firstly on the interaction 

of TRF2 with the DNA, both in a structure specific dependent-manner (B domain) and through sequence 

recognition (M domain), and secondly on the ability of TRF2 to condensate the telomeric DNA (B and 

TRFH domain) (Amiard et al, 2007; Poulet et al, 2012). Moreover, other TRF2 interactors, such as TRF1-

TERRA (Telomeric repeat-containing RNA) and RAP1, could modulate DNA condensation and, together 

with HR proteins, could regulate the overhang invasion (Poulet et al, 2012; Janoušková et al, 2015; 

Nečasová et al, 2017; Verdun & Karlseder, 2006; Lee et al, 2018). 

 

 

 

 

In addition to the role of TRF2 in t-loop formation, it also protects the DNA ends from a complete 

activation of the DNA damage response and repair activities when the t-loop structure disorganises. 

Whereas long telomeres accommodate enough TRF2 to generate the t-loop and block DDR signalling 

(Cesare & Karlseder, 2013), insufficient TRF2 molecules drives t-loop to collapse. At this point, 

deprotected telomeres can coexist in two different states. In one state, the deprotected telomeres 

activate the DDR through ATM phosphorylation but retain enough TRF2 dimers to prevent repair 

activities. Early steps of DDR activation are demonstrated at unfolded ends by the presence of what are 

known as telomere-induced foci (TIFs), an accumulation of DDR proteins at chromosome termini (Takai 

et al, 2003). Besides that, another level of deprotection is observed when telomeres do not have enough 

FIGURE 4. Proposed model for TRF2 mediation in DNA topology and DNA invasion. A. Model for TRF2 

action in a telomeric plasmid. TRF2 would promote DNA condensation, and the formation of supercoils, but 

at the same time, would untwist other regions near the TRF2-DNA junctions. These relaxed regions could be 

new sites for DNA invasion. B. Model for TRF2 action in telomeric DNA. The condensation mediated by TRF2 

would put 3’ overhang closer to the ds-DNA, and then facilitate its invasion. The invasion could involve the 

overhang from the same DNA molecule (cis-invasion) or could involve the overhang of another telomere 

(trans-invasion). Figure from (Amiard et al, 2007). 
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TRF2 dimers to prevent the full DDR cascade. At this point, NHEJ repair activities induce end-to-end 

fusions (Steensel et al, 1998; Smogorzewska et al, 2002; Celli & de Lange, 2005; Okamoto et al, 2013; 

Cesare & Karlseder, 2013). These different levels of deprotection pinpoint TRF2 as a master protein in 

DDR activation at telomeres. Indeed, TRF2 controls DDR activation through two independent steps 

(Okamoto et al, 2013). Firstly through a direct association with ATM, in which TRF2 prevents ATM 

dissociation and phosphorylation (Karlseder et al, 1999, 2004; Okamoto et al, 2013), and secondly, 

through its iDDR motif that prevents DDR propagation at the level of E3 ubiquitin ligase RNF168, which 

is essential for NHEJ activation (Okamoto et al, 2013). This dual modulation of the DDR by TRF2 is 

essential during S-phase, as allows t-loop disorganisation for telomeric replication while preventing NHEJ 

activation. 

 

Another function of TRF2 during replication depends on relieving topological constrains that would 

hinder replication fork progression, such as the telomeric loop itself or the presence of G-quadruplexes 

(G4), a secondary DNA structure formed by G-rich DNA sequences. TRF2 helps the replication machinery 

to unwind the t-loops and G4 regions through the regulator of telomere elongation helicase 1 (RTEL1), 

Werner’s syndrome protein (WRN) helicase and the exonuclease Apollo (Vannier et al, 2012; Sarek et al, 

2015; Opresko, 2008; Ye et al, 2010). Despite the assistance of these proteins, the telomeric replication 

fork easily stalls due to the telomeric nature and configuration (Fouché et al, 2006b). In this circumstance, 

the replication machinery regresses and originates intermediate structures based on four DNA-stranded 

junctions called chickenfoot structures (FIGURE 5). In extratelomeric regions, the chickenfoot structures 

are disentangled via p53, which increases the rate of Holliday junction (HJ) cleavage by resolvase enzymes 

(Fouché et al, 2006b). In telomeric regions, these chickenfoot structures are recognised by TRF2, due to 

the ability of its B domain to recognise ds/ss-DNA transitions (Stansel et al, 2001; Fouché et al, 2006a). 

At that point, TRF2 recruits factors to unwind DNA and restart replication, such as the RecQ helicases 

WRN and Bloom syndrome helicase (BLM) (Fouché et al, 2006a). Strikingly, while TRF2 promotes HJs to 

form the t-loop it simultaneously prevents the completion of HJs, which would be catastrophic for the 

telomere structure by inhibiting resolvases (Poulet et al, 2009). 
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Another essential TRF2 function consists of the formation of the G-rich overhang, although other 

shelterin proteins such as POT1 and TPP1 are also needed to do so. After DNA replication, two types of 

ends are generated. While the leading ends conclude as a blunt extremity, the lagging end finishes with 

a short 3’ overhang due to the end-replication problem (Watson, 1972). At this point, leading and lagging 

ends are processed differentially to generate an appropriate 3’ overhang (FIGURE 6). The blunt end is 

initially resected by Apollo, which is recruited by TRF2 (van Overbeek & de Lange, 2006). Then the 

emergence of ss-DNA induces TPP1-POT1 recruitment to the overhang and subsequent POT11 loading 

blocks further Apollo processing (Wu et al, 2012). This does not occurs at the lagging strand, as POT1B 

binds to the short ss-DNA 3’ overhang resulting from the incomplete DNA replication and blocks Apollo 

action (van Overbeek & de Lange, 2006; Wu et al, 2010). Then, when both ends have an small 3’ overhang 

(Cannavo et al, 2013), the 5’-C rich-strand is degraded by exonuclease 1 (EXO1), thus overelongating the 

overhang during S/G2-phase (Wu et al, 2012). Then EXO1 is indirectly blocked by TPP1-POT1 through 

RIF1 (Kibe et al, 2016), and TPP1 recruits the CTC1-STN1-TEN (CST) complex, which subsequently 

recruits the polymerase a (POL-a), essential to fill in ss-DNA and restore the overhang length (Wu et al, 

2012). During overhang resection, the presence of TPP1-POT1 at ss-DNA prevents the engagement of 

the NHEJ pathway leading to activation to DDR activation (Lam et al, 2010). 

                                                             

 
1 These experiments have been conducted in mouse cells. Unlike human cells, mice cells have two POT1 proteins, POT1A and POT1B 

(Hockemeyer et al, 2006). POT1A is associated with ATR activation and elicits DDR at telomeres. POT1B is implicated in 3’ overhang 

generation. Currently, the implication of human POT1 in the generation of 3’ overhang needs to be determined. 

FIGURE 5. During telomere replication, replication forks easily stall, giving rise to intermediate structures that 

are signalled as DNA damage by ATM and ATR. This event gathers DNA damage factors and repair factors 

to restart replication, process 3' overhang ends and to conform and stabilise d-loop and hence the t-loop 

structure. Figure from (Gilson & Géli, 2007). 
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Finally, as stated before, TRF2 promotes different types of homologous recombination (HR) reactions. 

But strikingly, at the same time, TRF2 blocks the termination of recombination events (Fouché et al, 

2006a; Poulet et al, 2009; Nora et al, 2010). Specifically, during t-loop formation and just after telomeric 

invasion, TRF2 preferentially locates at or near ds/ss-DNA junctions (Stansel et al, 2001), and stabilises 

the strand invasion by binding to the resulting HJ (Fouché et al, 2006a; Poulet et al, 2009; Nora et al, 

2010). At that point TRF2, together with RAP1, stabilises the HJ at the telomeric loop, thus blocking the 

activity of the HJ resolvases that would ultimately lead to t-loop excision (Rai et al, 2016). Similarly, TRF2 

also prevents other HR events that can be produced at the chromosome terminus such as telomere sister 

exchanges (T-SCE) (Opresko, 2008; Vannier et al, 2012) or the alternative lengthening of telomeres (ALT) 

pathway (Pickett & Reddel, 2015). 

 

TRF1	
TRF1 is a homodimer protein structurally similar to TRF2 as both genes are considered paralogs (FIGURE 

2) (Broccoli et al, 1997). In addition, although both proteins bind to ds-telomeric DNA, their functions of 

both proteins are significantly different. In contrast to TRF2, TRF1 has in its N-terminus an acidic domain, 

which inhibits DNA condensation and subsequent DNA invasion (Poulet et al, 2012). Finally, TRF1 

interacts with TIN2 through the TRFH domain (Chen et al, 2008; Ye et al, 2004a), which allows the 

formation of a cohesive shelterin complex and a synergistic regulation of telomere protection and 

telomerase recruitment through TPP1-POT1 (Ye et al, 2004a; Zimmermann et al, 2014; Loayza & de 

Lange, 2003; Okamoto et al, 2008). 

 

Classically, TRF1 has been documented to control telomere length by regulating telomerase access to 

the telomere. The overexpression of TRF1 in the HT1080 telomerase-positive tumour-cell line results in 

a gradual and progressive telomere shortening (Van Steensel & de Lange, 1997). In contrast, the 

expression of a dominant negative form of TRF1 (TRF166-385) that lacks the acidic and the Myb domain 

displaces TRF1 from telomeres and telomeres become longer (Van Steensel & de Lange, 1997; 

FIGURE 6. Shelterin implication in the G-rich overhang generation at leading and lagging ends. 
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Smogorzewska et al, 2000). This effect of TRF1 on telomere length is enforced by its interaction with 

PINX1, a protein that connects TRF1 to telomerase and regulates telomerase in a negative manner 

(Soohoo et al, 2011). 

 

Besides the TRF1 function in telomere length homeostasis, it also plays an essential role in controlling 

topological barriers during telomere replication. As stated earlier, telomeres are G-rich and highly 

repetitive structures prone to form G-quadruplexes (G4) that prevent the normal replication fork 

progression (Hänsel-Hertsch et al, 2017). TRF1 binds to telomeric sequences and assists replication 

machinery by promoting DNA unwinding through the action of BLM and RTEL1 helicases (Bosco & de 

Lange, 2012). TRF1 also associates with topoisomerase IIa and Timeless, and their cooperation facilitates 

the telomeric DNA replication and resolution of telomeric intermediates (Leman et al, 2012; D’Alcontres 

et al, 2014). Moreover, during telomeric replication, it is suggested that TRF1 modulates TIN2-TPP1-

POT1 to prevent replication-dependent loading of replication protein A (RPA) and activation of ataxia 

telangiectasia and Rad3 related (ATR) (Zimmermann et al, 2014). Overall, TRF1 protects chromosome 

ends against topological barriers that could unleash stalling replication forks and telomere fragility. In the 

absence of TRF1, the telomeres at metaphase appear broken or decondensed, showing multitelomeric 

signals (MTS) and an increase in chromosomal fusions (Okamoto et al, 2008; Martínez et al, 2009; Sfeir 

et al, 2009). This telomere fragility that resembles conventional aphidicolin-induced fragile sites is due to 

replication stress, as only occurs in cells that have passed through S-phase without TRF1 (Martínez et al, 

2009; Sfeir et al, 2009). Fragile sites have been identified as heritable specific loci on human 

chromosomes that exhibit non-random gaps, constrictions or breaks after specific cell culture conditions 

(Lukusa & Fryns, 2008). In the case of TRF1 depletion, telomeric replication could be incomplete and 

could result in ss-telomeric regions or gaps. These ss-gaps are prone to load RPA protein and subsequent 

activation of ATR after replication fork progression (FIGURE 7) (Zimmermann et al, 2014). Therefore, ATR 

is activated as consequence of replication problems associated with TRF1 absence. This activation is 

mechanistically different from POT1 displacement from overhang that leads to single-stranded G rich 

overhang deprotection. 

 

 

 

 

Another suggested function for TRF1 is to control chromatid cohesion during mitosis (Ohishi et al, 2014; 

D’Alcontres et al, 2014) as in addition to telomeres, TRF1 also associates with mitotic spindle and 

FIGURE 7. Model of replicative protection mediated by TRF1. TRF1 facilitate replication fork progression, 

while POT1 binds to the G-rich strand. TRF1 modulates TIN2-TPP1-POT1 and prevents RPA loading at ss-

DNA and ATR activation. In the absence of TRF1 or BLM, replication problems are frequently observed and 

are biased towards lagging strands DNA synthesis. Figure from (Zimmermann et al, 2014). 
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kinetochores (Nakamura et al, 2001). TRF1 overexpression induces mitotic failure with spindle 

aberrations (Muñoz et al, 2009). Moreover, some authors suggest that TRF1 directly associates with the 

spindle assembly checkpoint (SAC) proteins Mad1, Mad2 and BUBR1 (Muñoz et al, 2009; D’Alcontres et 

al, 2014), as well as with Aurora A kinase (Ohishi et al, 2010). Given that TRF1, together with Aurora A, 

has an essential role in the recruitment of Aurora B kinase at centromeres, TRF1 depletion results in loss 

of sister cohesion and merotelic attachments, which ultimately results in lagging chromosomes and 

micronuclei formation (Ohishi et al, 2014). 

 

Finally, it has been suggested that TRF1 would assist t-loop formation and prevent the formation of R-

loops, a three-stranded structure composed by DNA and RNA that will cause telomere loss (Lee et al, 

2018). As mentioned earlier, TRF2 can stimulate DNA invasion to ds-telomeric DNA (Amiard et al, 2007; 

Poulet et al, 2012). Moreover, TRF2 could also promote the invasion of TERRA, with the subsequent 

formation of R-loops (Lee et al, 2018). The authors suggest that TRF1 would play a direct role in inhibiting 

the invasion of TERRA to ds-telomeric DNA, without affecting the DNA invasion (Lee et al, 2018). This 

inhibition would be achieved by blocking TERRA-TRF2 association (Lee et al, 2018). 

 

POT1	and	TPP1	
POT1 is the third shelterin protein that directly interacts with ss-telomeric DNA through its two OB 

(oligonucleotide/oligosaccharide binding) folds, a DNA or RNA binding motif (Baumann & Cech, 2001; 

Baumann et al, 2002; Mitton-Fry et al, 2002). POT1 has specificity for ss-telomeric repeats, and can bind 

to the 3’ overhang, the displaced chain when the t-loop is formed and/or other telomeric ss-DNA arising 

as a consequence of secondary DNA structures, such as G4 (Loayza et al, 2004). However, TPP1-TIN2 

is needed for POT1 recruitment to telomeres, and stable association of POT1 with the shelterin complex 

(Liu et al, 2004b; Ye et al, 2004b; Hockemeyer et al, 2007). In line with this, POT1 is intimately associated 

with TPP1 and to TIN2 to form a complete shelterin complex (FIGURE 2) (Ye et al, 2004b; Liu et al, 2004b). 

 

POT1 and TPP1 cooperate and together regulate overhang generation, the telomere protection, the 

telomerase recruitment of telomerase to telomeres and telomerase dependent-elongation (Wang et al, 

2007; Hockemeyer et al, 2007; Wu et al, 2012). TPP1-POT1 act as a telomerase recruitment and 

telomerase processivity factor (Wang et al, 2007). In fact, TPP1 physically interacts with telomerase and 

recruits it after overhang generation (Zaug et al, 2010; Nandakumar et al, 2012), although, some authors 

suggest that this TPP1-telomerase interaction could also be mediated by TIN2 (Frank et al, 2015; Abreu 

et al, 2010). Besides that, it has been suggested that POT1 could be implicated in telomerase engagement 

to the 3’ overhang (Hockemeyer & Collins, 2015). POT1 can slide on the ss-DNA by diffusing through 

the 3’ overhang until the 3’ end. And in view of the interaction of POT1 with TPP1 and TPP1 with 

telomerase, the diffusion of POT1 to the 3’ end could bring telomerase closer to the overhang (FIGURE 

8) (Hwang et al, 2012). However, at the same time, POT1 competes with telomerase for overhang 

association, and in fact POT1 deficiency results in overelongated telomeres (Ye et al, 2004b). Moreover, 

TPP1-POT1 prevents telomerase dissociation and stimulates the addition of multiple telomeric repeats 

after telomerase is assembled, a process called telomerase processivity (Wang et al, 2007), though other 
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shelterins could also act as processivity factors (Lim et al, 2017). In human cells, in a single binding and 

extension event, telomerase can add around 60 nucleotides (Zhao et al, 2009, 2011). It has been 

suggested that telomerase action is inhibited by the length of the overhang, and/or by the CST complex, 

which is recruited by TPP1 (Armstrong & Tomita, 2017; Chen et al, 2012; Feng et al, 2017). As TPP1 

could recruit both telomerase and CST complex, CST complex might compete with telomerase for the 3’ 

overhang. 

 

 

 

 

The telomere protection function of POT1 depends on its capacity to bind the ss-telomeric DNA (Gong 

& de Lange, 2010). The protein RPA identifies single stranded breaks, binds ss-DNA, induces ATR 

activation and promotes DNA breakage repair. At telomeres, during replication, POT1 displaces RPA 

through the regulation of TERRA and the heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) 

(FIGURE 9) (Flynn et al, 2011). However, POT1 is less abundant than RPA and both proteins have similar 

affinities for telomeric DNA (Takai et al, 2011). It has been suggested that POT1 needs to be associated 

with TPP1 and TIN2 for an efficient RPA displacement (Takai et al, 2011), Therefore, the TPP1-POT1 

complex, together with TIN2, are essential for telomere protection as they prevent the activation of ATR 

activation (Denchi & de Lange, 2007; Takai et al, 2011). The deficiency of any of these proteins results 

in overelongated overhangs (Hockemeyer et al, 2006; Kibe et al, 2016; Takai et al, 2011), which could 

induce HR and the generation of T-SCEs (Wu et al, 2006; Takai et al, 2011), an homologous 

recombination process between sister chromatids, and telomere circles (Wu et al, 2006). They also exhibit 

an strong DDR activation, reflected in ATR (Denchi & de Lange, 2007; Kibe et al, 2016; Takai et al, 2011; 

Frescas & de Lange, 2014) and ATM (Wu et al, 2006; Guo et al, 2007; Takai et al, 2011; Frescas & de 

Lange, 2014) activation, TIFs positive cells (Wu et al, 2006; Guo et al, 2007; Kibe et al, 2016; Frescas & 

de Lange, 2014; Denchi & de Lange, 2007; Xin et al, 2007; Takai et al, 2011) and a mild fusion phenotype 

(Hockemeyer et al, 2006; Guo et al, 2007; Frescas & de Lange, 2014; Denchi & de Lange, 2007; Takai et 

al, 2011). 

 

FIGURE 8. Sliding feature of POT1-TPP1. OB1, OB2 are the oligonucleotide/oligosaccharide binding folds 

from POT1 and CT represents the POT1 C-terminal. Figure from (Hwang et al, 2012). 
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TIN2	

TIN2 is the central component of the shelterin complex as it is connected to POT1, TRF2 and TRF1 and 

its associated partners (FIGURE 2) and thus has the essential structural task of maintaining and 

coordinating the shelterin proteins (Ye et al, 2004a, 2004b; Liu et al, 2004b; Frescas & de Lange, 2014). 

TIN2 stabilises TRF2 at telomeres (Ye et al, 2004a), and is essential, through TPP1, for the recruitment of 

POT1 to the shelterin complex and ss-telomeric DNA (Liu et al, 2004b; Ye et al, 2004b). Moreover, as 

mentioned before, TIN2 interacts with TRF1 (Chen et al, 2008). Therefore, TIN2 depletion affects in the 

interaction between shelterin proteins. Accordingly, in cells that lack TIN2 the POT1-TPP1 complex is 

absent from telomeres and results in a phenotype equivalent to POT1 deficiency (Ye et al, 2004a; Takai 

et al, 2011; Frescas & de Lange, 2014) (SEE POT1 SECTION). Moreover, TIN2 stabilises TRF2 at telomeres 

and protects TRF1 from the action of tankyrases (Ye & de Lange, 2004; Ye et al, 2004a). TIN2 is reported 

to modulate the repression of ATM exerted by TRF2, without influencing subsequent NHEJ repair (Takai 

et al, 2011). It has been suggested that TIN2 depletion partially affects the presence of TRF2 and TRF1 

at telomeres. While TIN2 depletion is equal to POT1-TPP1 removal, TIN2 abrogation is not associated 

with telomere fragility, thus suggesting that a small fraction of TRF1 is enough for proper telomeric 

replication (Takai et al, 2011; Frescas & de Lange, 2014). 

 

Finally, it has been suggested that TIN2 plays a role in telomerase recruitment. Firstly, TIN2 protects 

TRF1 from poly(ADP-ribosyl)ation (PARP) by tankyrase 1. This TRF1 modification would displace TRF1 

from telomeres allowing the accommodation of telomerase and subsequent telomere elongation (Ye & 

de Lange, 2004). Secondly and as mentioned earlier, TIN2 together with TPP1 could play a direct role in 

recruiting telomerase to telomeres (Frank et al, 2015; Abreu et al, 2010). 

 

RAP1	

The last shelterin protein is RAP1, a highly conserved protein from yeast to humans in both structural 

and protein functions (Hardy et al, 1992). Human RAP1 comprises 4 domains; from the N- to C-terminus 

FIGURE 9. Model for RPA displacement and POT1 protection during telomeric replication. When DNA is 

replicated, RPA binds to ss-DNA in a structure-specific manner. At early S-phase, TERRA prevents RPA 

displacement by sequestering hnRNPs. At middle S-phase, TERRA levels decrease, and hnRNP is released. As 

a consequence, RPA is displaced from ss-DNA. At late S-phase TERRA levels increased and again recruits 

hnRNP. However, at this point, it is POT1 that binds irreversibly to ss-DNA in the presence of hnRNP instead 

of RPA. Finally, the presence of POT1 at ss-DNA prevents ATR activation. Figure from (Flynn et al, 2011). 
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there is a BRCA1 C-terminal (BRCT), a Myb, a coiled-coil, and the RAP1-specific protein-interaction 

domain (RCT) (Kabir et al, 2010). The latter is essential for RAP1-TRF2 interaction, thus allowing 

recruitment of RAP1 to telomeres (FIGURE 2) (Li et al, 2000). 

 

RAP1 modifies the ability of TRF2 to bind and recognise telomeric DNA (Arat & Griffith, 2012; 

Janoušková et al, 2015; Nečasová et al, 2017). It is suggested that RAP1 associated with TRF2 prevents 

unspecific TRF2-DNA interactions that are mediated by the B domain of TRF2 in a non-dependent 

sequence manner (FIGURE 10) (Janoušková et al, 2015). Therefore, RAP1 is proposed to partially release 

TRF2 molecules, thus enhancing the selectivity of TRF2 for DNA (Janoušková et al, 2015). This release 

might not affect TRF2 molecules placed near ss-DNA/ds-DNA junctions (Janoušková et al, 2015). In 

addition, the presence of RAP1 could be implicated in relieving DNA condensation, which is promoted 

by TRF2 (SEE TRF2 SECTION). Indeed, RAP1 stimulates the action of helicases, therefore promoting DNA 

unwinding (Nečasová et al, 2017). It is suggested that this balance between DNA winding and unwinding 

DNA is implicated in d-loop formation and stabilisation (Nečasová et al, 2017). 

 

 

 

 

RAP1 also cooperates with TRF2 to block NHEJ and HR (Bae & Baumann, 2007; Sarthy et al, 2009; Sfeir 

et al, 2010; Rai et al, 2016). Given that TRF2 prevents the activation of ATM and DDR at telomeres, it 

has been proposed that the recruitment of human RAP1 at telomeres could also block NHEJ activation 

(Bae & Baumann, 2007; Sarthy et al, 2009), though some controversies exist (Sfeir et al, 2010; Chen et 

al, 2011). A prevalent role for RAP1 in HR has been assigned too, as in response to stress, human RAP1 

co-immunoprecipitates with proteins related to HR and chromatin structure such as the Ku heterodimer, 

MRE11, RAD50, and PARP1 (O’Connor et al, 2004). In fact, an increase in T-SCEs has been detected 

when TRF2 and Ku70 are absent in mice fibroblast or when a TRF2 mutant, which lacks the RAP1 

interacting domain, is expressed (Sfeir et al, 2010; Chen et al, 2011). This suggests that RAP1 is essential 

to repress HR at telomeres. Finally, it has been reported that RAP1 would prevent the location of PARP1 

at telomeres, which would be responsible for the Holliday junction resolvase SLX4 activation and 

subsequent homologous recombination at telomeres (Sfeir et al, 2010; Rai et al, 2016). 

 

  

FIGURE 10. Model for improved selectivity of TRF2 for telomeric DNA mediated by RAP1. A. Specific TRF2-

DNA interaction as electrostatic interactions between TRF2 and DNA may be blocked by RAP1. B. The 

absence of RAP1 allows non-specific electrostatic interactions between TRF2 and DNA. Figure from 

(Janoušková et al, 2015). 
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3. Telomere length homeostasis 

3.1. Telomere elongation: de novo addition and the ALT pathway 

In most eukaryotes, telomere length is maintained by telomerase, which is a specialised reverse 

transcriptase that adds telomeric repeats to the 3’ ends of chromosomes (Greider & Blackburn, 1985, 

1987). Telomerase is composed of an RNA template (TERC), a catalytic domain (TERT) and the dyskerin 

complex, which stabilises telomerase and includes DKC1-NOP10-NHP2-GAR1 and TCAB1 (Nakamura 

et al, 1997; Lingner et al, 1997; Egan & Collins, 2010; Venteicher et al, 2009). 

 

Telomerase expression, location, and action is tightly regulated. It is during S-phase that telomerase is 

transported to telomeres from Cajal bodies and/or the nucleoplasm (Tomlinson et al, 2006; Schmidt & 

Cech, 2015; Lewis & Tollefsbol, 2016; Hockemeyer & Collins, 2015). Once DNA replication is completed 

and the overhang has been processed, telomerase may assemble to telomeres and elongate them (Dionne 

& Wellinger, 1996). However, telomerase does not extend every telomere in every cell cycle. Indeed, 

telomerase elongation occurs preferentially at short telomeres (Teixeira et al, 2004; Bianchi & Shore, 

2007). Even though initial hypothesis suggested an inverse correlation between the number of shelterin 

proteins and the telomerase recruitment, a much more complex process than a mere steric block of 

telomerase access to telomeres is envisaged due to the multiple proteins involved in telomerase 

recruitment. For example, TPP1 physically interacts and recruits telomerase, whereas TRF1 and POT1 

prevent telomerase access to the overhang. In this sense, since shelterin stoichiometry studies reveal that 

TRF1 is much more abundant than TPP1 (Takai et al, 2010), this supports the notion that telomerase 

should be preferentially blocked at long telomeres. Indeed, TRF1 blocks telomerase through PINX1, a 

direct telomerase inhibitor (Soohoo et al, 2011), so longer telomeres would recruit more PINX1 and exert 

a higher telomerase inhibitor than shorter ones (Soohoo et al, 2011). 

 

Recent studies suggest that TPP1-TIN2 and shelterin modifications could be implicated in telomerase 

recruitment. TPP1, through a TEL-patch motif, physically interacts and recruits telomerase (Zaug et al, 

2010; Nandakumar et al, 2012). Some studies suggest that this recruitment requires TPP1-TIN2 

association (Abreu et al, 2010; Frank et al, 2015). In fact, TIN2 is needed for TPP1 recruitment to telomere 

in vivo. Moreover, TIN2-TPP1 complex needs to be associated to DNA through TRF1, TRF2 or POT1, to 

efficiently act as a telomerase processivity factor (FIGURE 11) (Lim et al, 2017). Alternatively, TIN2 

prevents TRF1 parylation, the addition of poly-ADP-riboses by tankyrases (Ye & de Lange, 2004). 

Parylated-TRF1 is partially and temporally released from telomeres (Smith & de Lange, 2000). This 

modification, together with the lower amount of TRF1 at telomeres, might be needed for telomerase 

access. Overall, TIN2 seems to be an upstream factor in telomerase recruitment and telomerase block. 

 

Once telomerase is recruited at short telomeres, the 3’ overhang needs to be captured by the active site 

of telomerase. This telomerase engagement seems to be orchestrated by TPP1-POT1, as it is suggested 

that the sliding motion of POT1 localises TPP1-telomerase at the overhang end (FIGURE 8) (Hwang et al, 

2012). Nevertheless, it is suggested that POT1 competes with telomerase for overhang engagement, as 

POT1 deficiency results in overelongated telomeres (Ye et al, 2004b; Kelleher et al, 2005). For that 
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reason, it remains unknown how exactly telomerase is engaged to the 3’ overhang. Once telomerase is 

engaged, telomeric DNA aligns with TERC (Feng et al, 1995), and new telomeric repeats are added to the 

3’ end (Greider & Blackburn, 1987; Nakamura et al, 1997; Lingner et al, 1997). Telomere elongation 

occurs without telomerase dissociation from telomeres (Zhao et al, 2011), which is called repeat-addition 

processivity (RAP) (Greider, 1991). Two models have been proposed to explain how telomerase 

repositions at the 3’ end. And they differ in terms of which component, the telomeric DNA or the RNA 

template, is displaced. In the first one, the RNA template shifts, while telomeric DNA remains at or near 

the telomerase active site (Wu et al, 2017). Alternatively, the second model suggests that the newly 

synthesised DNA loops out due to structural flexibility of telomerase. Then the RNA template relocates 

at the end of DNA strand allowing further telomeric elongation (Yang & Lee, 2015). Despite the model 

used by telomerase, telomere elongation stops when telomerase dissociates from telomeres. This 

dissociation might be expedited through structural conformations adopted by long G-tails (Armstrong & 

Tomita, 2017). In addition, the CST complex, which interacts with TPP1-POT1, also competes and 

displaces telomerase from the 3’ overhang (Chen et al, 2012). In actual fact, as mentioned before (SEE 

TRF2 SECTION), CST complex promotes the fill-in of the C-strand by recruiting polymerase-a (POL-a) 

(Chen et al, 2012). 

 

 

 

 

Although telomerase is the main mechanism of telomere elongation, some cells can maintain telomere 

length independently of telomerase expression (Bryan et al, 1995; Bryan & Reddel, 1997). Alternative-

lengthening of telomeres (ALT) is a mechanism that elongates telomeres based on recombination 

FIGURE 11. Model for shelterin binding to DNA and telomerase recruitment. A. TRF2-TIN2-TPP1-POT1 

preferentially binds to ds/ss-DNA junctions due to the preferentially binding of TRF2 for ds-DNA and POT1 

for ss-DNA. POT1 could slide for ss-DNA until the 3’ end is reached. B. Telomerase is recruited through 

TPP1 and brings closer telomeres and telomerase due to its connection with TRF2-TIN2 and POT1-TIN2. 

Figure from (Lim et al, 2017). 
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(Dunham et al, 2000). In yeast, this recombinant mechanism is used as a backup to maintain telomere 

length and overcome senescence (Lundblad & Szostak, 1989; Lundblad & Blackburn, 1993). In 

telomerase-negative human cells, ALT can rapidly increase or decrease the length of the telomeres, 

resulting in chromosomes with high telomere length heterogeneity (Murnane et al, 1994; Bryan et al, 

1995). 

 

Two non-exclusive mechanisms based on recombination have been proposed to explain telomere 

elongation in ALT cells (Cesare & Reddel, 2010). The first of these, the unequal T-SCE model, proposes 

that after T-SCE one sister telomere will grow longer at the expense of the other. Therefore, one 

daughter cell would inherit shorter telomeres, and the other would inherit larger telomeres (FIGURE 12A). 

This unequal telomere lengthening might determine their proliferative capacity, as the cell with the 

shortest telomeres would achieve earlier senescence than the one with the longest telomeres (Cesare & 

Reddel, 2010). 

 

The second model proposes a homologous recombination dependent-synthesis (FIGURE 12B). 

Specifically, a telomeric sequence is used as a template for the new synthesis of telomeric repeats. This 

template could be a telomeric sequence from another chromosome or a telomeric-circle (t-circle), i.e. 

circular telomeric ss- or ds-DNA, that could act as a rolling template. T-circles are frequently located in 

ALT-associated promyelocytic leukaemia bodies (APBs), ring-shaped nuclear bodies which are frequently 

observed in ALT cells. In addition to t-circles, APBs could contain linear telomeric DNA, PLM protein, 

telomeric proteins such as TRF1, TRF2 and HR related proteins (Yeager et al, 1999; Henson et al, 2002). 

The abundance of T-circles and APBs supports a roll-and-spread mechanism (Cesare & Griffith, 2004; 

Wang et al, 2004). And, unlike the unequal T-SCE model, this model results in a net gain of telomeric 

length as new telomeric repeats are synthesised de novo from a template (FIGURE 12B) (Cesare & Reddel, 

2010). 

 

 

 

 

FIGURE 12. Proposed models for lengthening mechanisms in ALT cells. A. Unequal T-SCE model in which 

two daughter cells might inherit different telomere lengths as a result of T-SCE previous to cell division. B. 

Homologous recombination dependent DNA replication model. This model uses a template for a net telomere 

elongation. Figure from (Cesare & Reddel, 2010). 
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3.2. Telomere shortening: Trimming and end replication problem 

Apart from elongation mechanisms, two other mechanisms are involved in telomere shortening. The 

trimming process results in a sudden massive deletion of telomeric sequences (Pickett et al, 2009). While 

the end replication problem is a progressive shortening of the telomeric DNA track inherent to replication 

of linear chromosomes (Watson, 1972; Olovnikov, 1973). 

 

Trimming occurs when over-lengthened telomeres originate as a consequence of hTERT overexpression 

(Pickett et al, 2009), thus suggesting that to maintain telomere stability and integrity, telomere length 

must be balanced, not too short but not too long. Indeed, over-lengthened telomeres could induce 

replication stress due to G-rich and repetitive sequences nature of telomeres (Rivera et al, 2017). In HeLa 

cells when telomerase was overexpressed, telomere length of chromosomes increased until it reached a 

plateau. (Pickett et al, 2009). The stabilisation of the telomere length was accompanied by an increase in 

t-circles, extrachromosomal telomeric repeats, t-complex DNA [a highly branched telomeric DNAs with 

large numbers of internal single strand portions (Nabetani & Ishikawa, 2009)], and C-rich telomeric 

overhangs (Pickett et al, 2009, 2011), a phenotype often observed in ALT cells. The presence in HeLa 

cells of ALT features, although infrequent after trimming (Pickett et al, 2009; Rivera et al, 2017), were 

surprising as the Hela cell line is considered a telomerase-positive cell line. 

 

Trimming was documented to occur in male germline in humans, especially in those individuals with larger 

telomeres, and in normal lymphocytes after telomerase upregulation (Pickett et al, 2011). In addition, 

telomere trimming has been described in two mice laboratory strains with larger telomeres (Pickett et al, 

2011). This process occurs during G2/M, after the DNA synthesis and before chromatid separation 

(Pickett et al, 2009). Although the exact mechanisms behind the trimming process are still unknown, the 

absence of TIFs suggests that the trimming process does not result in telomere uncapping or telomere 

deprotection (Pickett et al, 2009). Moreover, it has been suggested that HR proteins are implicated. 

Indeed, HR-related proteins such as NBS1 or XRCC3 could promotes t-circles formation and C-overhang 

generation (Rivera et al, 2017). Finally, the simultaneous knockdown of NBS1 and XRCC3 results in 

telomere lengthening (Rivera et al, 2017). 

 

In humans, not all cell types express telomerase abundantly. Indeed, telomerase is only expressed in 

germline tissues, most adult stem cells compartments and embryonic stem cells, since it is needed for cell 

self-renewal and proliferation. Therefore, telomerase expression is negligible in most somatic cells, thus 

bringing to light the end replication problem (Watson, 1972; Olovnikov, 1973). The limitations of the two 

main DNA polymerases (POL-d or -e) and the generation of the 3’ overhang impede the complete 

replication of linear DNA. In eukaryotes, DNA replication initiates at multiple sites in the chromosome 

and then moves progressively along the parental DNA [replication process reviewed by (O’Donnell et al, 

2013)]. This active region, known as replication fork, contains among others the DNA polymerases 

needed to synthesise the new daughter strands. Notoriously, these POL cannot start DNA synthesis by 

themselves, though they are able to elongate an existent RNA or DNA fragment. For that reason, to 

initiate replication, a small RNA primer is synthesised by the DNA POL-a-primase complex, which is 
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subsequently elongated by the POL-d or -e. Moreover, given the antiparallel nature of the duplex DNA 

and that polymerisation by POL only occurs in the 5’ to 3’ direction, the replication fork has an asymmetric 

structure. One of the daughter strands is synthesised continuously in the 5’-3’ direction and is known as 

the leading strand. Whereas the lagging strand grows in a discontinuous manner by synthesising short 

DNA molecules called Okazaki fragments that are afterwards connected by ligase 1 (Okazaki et al, 1968; 

Sugimoto et al, 1968). This DNA synthesis mechanism encounters a problem when the replication fork 

reaches the chromosome end. In particular, a major concern is how the lagging ends are completely 

replicated at telomeres, as once each end RNA primer is removed, no POL (POL-d or -e) can load and 

synthesise the last chromosome nucleotides (FIGURE 13). Moreover, and in addition to the reduction in 

length due to replication intrinsic limitations, the resection of C-rich strand to overhang generation 

contributes substantially to the telomeric shortening (FIGURE 13), thus determining the cellular replicative 

potential (Hayflick & Moorhead, 1961; Olovnikov, 1973; Harley et al, 1990; Wu et al, 2012). 

 

 

 

 

4. Telomere deprotection: when the T-loop is 

compromised 

As mentioned, primary human cells exhibited a replicative potential limit or cellular senescence (Hayflick 

& Moorhead, 1961) that has been associated to the progressive telomere shortening due to the end 

replication problem and the absence of telomerase activity (Harley et al, 1990). In the same way that 

FIGURE 13. End replication problem model. Linear chromosomes cannot be fully replicated as the last RNA 

primer is lost in each cell division. Moreover, the resection of C-rich strand by Apollo and EXO1 contributes 

substantially to telomere shortening. This telomere loss can be offset with telomerase activity, as this enzyme 

has a telomeric template to assist the addition of new repeats at the 3’ end. Figure adapted from (Maciejowski 

& de Lange, 2017). 
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hTERT overexpression entails immortalisation and avoids senescence (Bodnar et al, 1998), the 

overexpression of TRF2 also delays the entrance in senescence by protecting extremely short telomere 

although it does not immortalise the cells (Karlseder et al, 2002). Therefore, senescence is a side effect 

of the telomere protection loss owing to telomere shortening or shelterin dysfunction. 

 

4.1. Dysfunctional telomeres are recognised as DSB/SSB 

Telomere deprotection entails p53 activation and, depending on cell type, the entrance into senescence 

or apoptosis (Shay et al, 1991; Hara et al, 1991; Karlseder et al, 1999) as a critical and potent tumour 

suppression pathway. The analysis of senescent human fibroblast revealed that many DDR markers are 

localised at extremely short telomeres, thus suggesting that DDR factors contribute to the cell growth 

arrest (di Fagagna et al, 2003). The inhibition of ATM and ATR proteins, main sensors of DSBs and SSBs, 

or CHK1 and CHK2, S- and G2-checkpoint proteins, allows senescent cells to exit senescence and 

reinitiate proliferation (di Fagagna et al, 2003). 

 

The importance of ATM signalling for detection of unprotected telomeres comes also by the prevention 

of 53BP1 accumulation at telomeres by PI3K inhibitors (Takai et al, 2003). 53BP1 protein is responsible 

for inducing DNA repair activities through NHEJ (Dimitrova et al, 2008). When TRF2 is abrogated by 

short-hairpin RNA against TRF2 or displaced by TRF2DBDM from telomeres, 53BP1 protein localises at 

chromosome ends (Takai et al, 2003). Consequently, ATM deficient cells fail to detect dysfunctional 

telomeres when TRF2 is inhibited (Takai et al, 2003). Overall, dysfunctional telomeres are detected mainly 

by ATM which activates and recruits other DDR factors, such as H2AX and 53BP1, and are visualised as 

telomere dysfunction induced foci (TIFs) (Takai et al, 2003). This ATM activation arises when telomeres 

are structurally linearised by altered TRF2 (Van Ly et al, 2018) or excessively short telomeres. ATM is 

suppressed at chromosome ends when telomeres are in a t-loop conformation (Van Ly et al, 2018). TRF2 

binds ATM and prevents its activation at telomeres by inhibiting ATM autophosphorylation and ATM 

oligomers dissociation (Karlseder et al, 2004). 

 

In addition to eliciting a DDR mediated by activation of ATM, when telomere protection is compromised 

through POT1 deficiency or excessively short telomeres, ATR and DNA-PKCs signalling are promoted as 

a consequence of overhang deprotection and chromosome end exposure, respectively (Takai et al, 2003; 

Guo et al, 2007; Denchi & de Lange, 2007). Indeed, POT1 competes with RPA protein for telomeric ss-

DNA, and indirectly prevents ATR activation (Flynn et al, 2011). But, in case of overhang deprotection or 

TPP1-POT1 abrogation, RPA binds to ss-DNA and activates ATR, which phosphorylates CHK1 (Guo et 

al, 2007; Denchi & de Lange, 2007). The activation of ATR could indirectly drive to ATM activation 

through dicentric formation and BFB cycles resolution (Wu et al, 2006; Guo et al, 2007). Moreover, ATR 

activation can also promote repair processes, considering that the simultaneous abrogation of ATM, TRF2 

and POT1 in cells but not ATR results in TIFs formation and telomeric fusions (Denchi & de Lange, 2007). 

 

Overall, the abundance of shelterin proteins depends on the length of telomeres and determines the 

protection status. TRF2 and POT1 proteins sense telomere length and regulate DDR activation. 
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Therefore, when a critical length is reached, deprotected telomeres lead to both ATM and ATR activation 

through TRF2 and POT1 mediation respectively. 

 

4.2. Telomeres coexist in 3 protection states 

The occurrence of spontaneous telomere deprotection in immortalized cancer cells during replicative 

aging, as well as the presence of dysfunctional telomeres resistant to repair processes suggested a model 

of telomere protection. This model relies on a telomere length and the abundance of shelterin proteins, 

mainly TRF2, and proposes three different states of protection (Cesare et al, 2009). 

 

In the first state of protection, the capped structure, or closed-state, occurs when telomeres are long 

enough to conform t-loop structure and accommodate enough TRF2 proteins along telomeric chromatin 

(FIGURE 14A). This state confers plenty protection against DDR activation, as chromosome ends are 

masked by the t-loop, and TRF2 prevents ATM activation (Cesare et al, 2009). 

 

Telomere shortening and subsequent reduction of TRF2 proteins lead to an intermediate state of 

protection. This state of protection displays dysfunctional telomeres (TIFs) resistant to chromosome 

fusions. In other words, telomeres are not long enough to conform t-loop, activating ATM and H2AX, but 

retain enough TRF2 protein levels to prevent chromosome end fusions (FIGURE 14B) (Cesare et al, 2009). 

Besides that, intermediate telomeres can also be originated when t-loop assembly fails after DNA 

replication, or when TRF2 levels diminish or POT1 inhibition takes place (FIGURE 14B). Although 

intermediate telomeres are detected as DSB and activate DDR signalling, they functionally differ from 

internal DSB (Cesare et al, 2013). Intermediate telomeres do not engage CHK2 activation, a downstream 

target of ATM. This effect is due to TRF2-CHK2 interaction, in which CHK2 phosphorylation site (Thr68) 

is masked (Buscemi et al, 2009). After internal DSBs, CHK2 phosphorylation contributes to G2/M 

checkpoint. In case of intermediate telomeres, the absence of CHK2 phosphorylation avoids the 

checkpoint activation (Cesare et al, 2013). As consequence, intermediate telomeres are passed through 

mitosis and accumulate in the daughter cells (Cesare et al, 2013; Kaul et al, 2012). This intermediate state 

telomeres are fusion resistant, as TRF2 exerts a major inhibition through NHEJ activation than DSB 

signalling. NHEJ is inhibited upstream of 53BP1, as TRF2, through the iDDR motif, indirectly inhibits 

RFN168, which is essential for its recruitment (Okamoto et al, 2013). Therefore, intermediate telomeres 

could be considered as a fusion resistant DDR-positive telomeres that protect cells from illegitimate 

rejoining. In fact, in human fibroblasts, once a threshold of 4-5 fusion-resistant TIFs is reached, G1 cells 

enter into p53-dependent replicative senescence, assuring an stable karyotype (Kaul et al, 2012). 

 

Although human fibroblasts stop dividing when a DNA damage threshold is achieved, the abrogation of 

p53 and pRb allows continued proliferation with the subsequent telomere erosion (Shay et al, 1991). The 

uncapped telomeres are those telomeres that cannot prevent NHEJ repair. This state is mainly achieved 

when telomeres are too short and do not retain enough TRF2 protein levels, or otherwise uncapped 

telomeres could originate after a complete loss of TRF2 protein (FIGURE 14C) (Cesare et al, 2009). 

Uncapped telomeres are first signalled by ATM and g-H2AX and are subsequently repaired, giving rise to 
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end-to-end fusions, which could fire chromosome instability (CIN) because of their entrance into BFB 

cycles (Hoffelder et al, 2004; Soler et al, 2005). 

 

 

 

4.3. DSB repair activities at dysfunctional telomeres: NHEJ and HR 

As mentioned before, telomeres confer chromosomal protection against illegitimate recombination and 

degradation. Classically, this protection was attributed to the telomeric length. The longer telomeres are, 

the longer they would be protected. However, as mentioned before, the telomeric protection does not 

depend completely on the telomeric length, as a balance between telomere length and shelterin protein 

is needed (Karlseder et al, 2002; Cesare et al, 2009; Cesare & Karlseder, 2013). In this case, deprotected 

telomeres, regardless whether it is due to telomere shortening or TRF2 abrogation (Bailey et al, 2001; 

FIGURE 14. The three states of a telomere protection model. A. The closed-state confers a full protection 

status as prevents DDR activation and repair processes. This protection state is achieved when telomeres are 

long enough to conform t-loop structure, and there are enough shelterin proteins to support it. B. The 

intermediate state confers a partial protection status as dysfunctional telomeres are detected as DSBs. 

However, the presence of enough TRF2 proteins prevents the activation of NHEJ. This state of deprotection 

could originate as consequence of telomere shortening, a failure in t-loop conformation or shelterin 

deficiency. C. In case of uncapped-state, telomeres are too short and do not contain enough shelterin proteins 

to prevent DSB signalling. Therefore, DDR is activated and leads to NHEJ activation that ends-up in end-to-

end fusions. 
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Karlseder et al, 2002; Smogorzewska & de Lange, 2002), are preferentially repaired through NHEJ, as 

53BP1 and ligase 4 are involved in telomeric fusions (Smogorzewska et al, 2002). Nevertheless, telomeric 

protection is much more complex and redundant. Indeed, besides NHEJ, shelterin proteins and t-loop 

conformation prevents HR, alternative-NHEJ (alt-NHEJ) and the 5’ end resection (FIGURE 15) (Wang et 

al, 2004; Sfeir & de Lange, 2012). 

 

 

 

 

Classical (or canonical) NHEJ (c-NHEJ) pathway is activated after a DSB is detected, and requires the 

53BP1 recruitment and ligase 4 (FIGURE 16) (Smogorzewska et al, 2002). TRF2 modulates c-NHEJ at 

several steps. First of all, and as mentioned, TRF2 through iDDR motif at the H domain blocks the 

recruitment of RNF168, which is essential for 53BP1 recruitment at DSBs (Okamoto et al, 2013). 

Moreover, unlike Ku in genomic DNA, TRF2 interacts with Ku70 and prevents tetramerization of the 

Ku70/80 heterodimers located at DNA ends (Ribes-Zamora et al, 2013; Doksani et al, 2013). Ku70/80 is 

a ring shape heterodimer that localises at the DSBs and is essential for the progression of c-NHEJ. In 

case of telomere deprotection, Ku70/80 dimer is formed, associates with DNA and tetramerise with 

another Ku70/80 dimer. Then, the Ku tetramer (Ku70/80-Ku70/80) interacts with kinase catalytic 

subunit (DNA-PKcs) to conform DNA-dependent protein kinase (DNA-PK) (Gottlieb & Jackson, 1993). 

Finally, DNA-PK promotes the ligation of DSB or dysfunctional telomeres through the recruitment of 

XRCC4-XLF-ligase 4 complex (Calsou et al, 2003; Smogorzewska et al, 2002; Lieber, 2010). 

 

 

 

FIGURE 15. Telomeres confer chromosome end-protection. The closed structure of t-loop together with the 

shelterin proteins prevent the end resection, ATM and ATR activation as well the repair pathways classical 

NHEJ, alternative NHEJ and homologous recombination. 

FIGURE 16. DNA repair pathways. DSBs at NHEJ are mainly repaired by NHEJ. Shelterin proteins also block 

end-resection that are the prelude of HR and alternative-NHEJ. Figure adapted from (Ceccaldi et al, 2016). 
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Homologous recombination (HR) (FIGURE 16) machinery is implicated in the formation and conformation 

of the telomeric protective structure just after telomeric DNA replication (Verdun et al, 2005; Verdun & 

Karlseder, 2006). More specifically, during telomeric replication, TRF2 is reported to cooperate with 

RTEL1 to properly unfold t-loop structure, probably by displacing 3’ end of the telomere to allow t-loop 

unwinding (Vannier et al, 2012). Unfolded t-loop is proposed to create an stalled replication fork-like 

structure that could be detected by MRE11 and RPA, activating ATR/ATM-dependent response (Verdun 

& Karlseder, 2006). This signalling activation would be necessary to finish telomere replication and 

promote 3’ overhang generation (Verdun & Karlseder, 2006). Finally, 3’ overhangs invade the ds-

telomeric sequences in a HR-dependent reaction, thus conforming t-loop protective structure (Verdun & 

Karlseder, 2006). Deficiency in HR proteins (Jaco et al, 2003; Tarsounas et al, 2004), shelterin proteins 

(Wang et al, 2004; Rai et al, 2016) or t-loop associated proteins such as RTLE1 (Vannier et al, 2012) would 

lead to t-loop resection and telomere shortening, mediated by the Holliday junction resolvase XRCC3 

and NBS1 (Wang et al, 2004). Alternatively, T-SCEs or ALT are products of HR activity. The inhibition of 

TRF2, RAP1 or POT1 in context of Ku70/80 deficiency stimulates exchange of sequences telomeres on 

sister chromatids (Sfeir & de Lange, 2012; Celli et al, 2006; Palm et al, 2009). However, how Ku and 

shelterin proteins prevent HR is not well understood (Lazzerini-Denchi & Sfeir, 2016). About ALT, the 

inhibition of several proteins implicated in repair, such as MRN, BLM, WRN, RPA, XRCC3, RAD51D or 

others results in loss of ALT features and/or telomere shortening (Gocha et al, 2013). 

 

Alternative-NHEJ (alt-NHEJ) is a backup mechanism in case of c-NHEJ or HR failure as it is repressed by 

TRF1, TRF2, POT1 and Ku proteins (Sfeir & de Lange, 2012). The simultaneous abrogation of POT1 or 

TPP1 in TRF2-ATM deficient mice results in telomere fusions due to 3’overhang deprotection and ATR 

activation (Denchi & de Lange, 2007). In contrast to c-NHEJ, alt-NHEJ can depend on CtIP and MRN as 

upstream factors that will promote the 5’ end resection (FIGURE 16) (Rass et al, 2009; Rai et al, 2010; 

Lee-Theilen et al, 2011; Zhang & Jasin, 2011). It has been suggested that 53BP1 blocks alt-NHEJ as 

prevents the initial 5’ resection through RIF1 (Zimmermann et al, 2013; Rai et al, 2010; Rybanska-Spaeder 

et al, 2014). Moreover, this repair pathway used PARP1, XRCC1, ligase 3 and POL q to repair DNA 

damage (Audebert et al, 2004; Wang et al, 2005, 2006; Robert et al, 2009; Cheng et al, 2011; Simsek et 

al, 2011). POL q is an error prone and terminal transferase-like activity polymerase that randomly inserts 

nucleotides at the junction of telomeres fused (Mateos-Gomez et al, 2015; Wood & Doublié, 2016). This 

polymerase could contribute to the high frequency of deletions and insertions (Nussenzweig & 

Nussenzweig, 2007). These factors together with regions of microhomology and translocations constitute 

the hallmarks of alt-NHEJ (Nussenzweig & Nussenzweig, 2007). 

 

Finally, chromosome ends are protected from nucleolytic processing at 5’ end. This protection occurs 

even when TRF1 and TRF2 have been depleted from cells, or when this depletion occurs simultaneously 

to Ku deficiency (Sfeir & de Lange, 2012). In addition, the simultaneous abrogation of TRF1-53BP1 or 

TRF2-53BP1 prevents end resection. However, the TRF1-TRF2 double-knockout and the 53BP1 results 

in an increase of 3’overhang signal, promoted by CtIP, BLM and EXO1, and telomere fusions (Sfeir & de 

Lange, 2012). More specifically, 53BP1 prevents the end resection through RIF1 in an ATM and ATR 

dependent manner (Zimmermann et al, 2013; Kibe et al, 2016). Moreover, this resection inhibition 
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prevents BRCA1 accumulation at DSBs (Zimmermann et al, 2013). BRCA1 is one of the main mediators 

of HR. Therefore by blocking 5’ resection, HR is indirectly prevented, and c-NHEJ could be promoted 

(Bunting et al, 2010; Zimmermann et al, 2013). 

 

5. Telomere dysfunction and CIN 

Cellular senescence or apoptosis are not the only fates that could originate from telomere dysfunction. 

In fact, some cell types can bypass this growth barrier due to cell-cycle checkpoint deficiencies and 

continue proliferating. For example, human mammary epithelial cells (HMECs), can bypass an stress linked 

frost growth barrier (stasis) due to hypermethylation of CDK2AN promoter (FIGURE 17) (Brenner et al, 

1998). Once occurred, cells can continue dividing up to a second growth barrier, which is determined by 

an exhaustion of telomere length and very reorganised karyotypes (agonescence or crisis) (FIGURE 17) 

(Garbe et al, 2009). 

 

 

 

 

The study of HMECs during this second proliferative window has revealed that eroded telomeres can be 

repaired with each other and fire BFB cycles, which would massively scramble the cell karyortype 

[reviewed by (Genescà et al, 2011)] (FIGURE 18). Telomere dysfunction originates structural 

reorganisations when a chromatin bridge is formed and breaks during cell division (FIGURE 18). 

Specifically, dicentric chromosomes can be pulled to opposite spindle poles and bridge in the cell equator 

during anaphase (FIGURE 18) (McClintock, 1941). Usually, those bridges break due to the strong tension 

exerted by the mitotic spindle, or suffer chromothripsis, a hazardous process of breakage and repair of 

DNA (Stephens et al, 2011; Maciejowski & de Lange, 2017) that is usually associated with an 

hypermutation process called kataegis (Nik-Zainal et al, 2012; Roberts et al, 2013; Maciejowski et al, 

2015) (FIGURE 19). Then, the resulting chromosome fragments can be included in the main nucleus or 

form micronucleus, in which case chromosome fragment could be degraded. Therefore, daughter cells 

would inherit highly fusogenic and unbalanced genomic material. Finally, the broken ends can easily re-

join with another deprotected telomeres or other genomic DSBs (Latre et al, 2003; Tusell et al, 2008) and 

engender new dicentric chromosomes that would be susceptible to re-start a new BFB cycle (FIGURE 

FIGURE 17. Differences in cell culture growth between human fibroblast cell lines and human mammary 

epithelial cell lines (HMECs). After stasis, chromosome instability is fired due to telomere dysfunction. Very 

reorganised HMECs will die by p53 dependent mechanisms (agonescence) or by p53-independent 

mechanisms (crisis). Figure adapted from (Romanov et al, 2001). 
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18). Altogether, BFB cycles are the main mechanism for the generation of structural imbalances such as 

deletions, amplifications, and non-reciprocal translocations (Hoffelder et al, 2004; Soler et al, 2005; Tusell 

et al, 2008). 

 

 

 

 

 

 

 

Sometimes, anaphase bridge do not break, thus leading to numerical imbalances. It has been reported 

that dicentric chromosomes erroneously segregate during cell division (Pampalona et al, 2010). These 

segregation errors could originate aneuploid daughter cells through non-disjunction in which the main 

nucleus of one cell will inherit the whole dicentric chromatid and the other one will lose it; otherwise the 

dicentric chromatids could lag during ana-telophase and be included into a micronucleus in the next 

interphase (FIGURE 18) (Pampalona et al, 2010). The cause of dicentric chromatids lagging during 

anaphase is probably because of the opposite tensional forces exerted by k-fibers (Pampalona et al, 2016). 

More specifically, it has been described that k-fibers bound to bridged kinetochores might be in an 

hyperstable attachment as slightly shorten and possibly elongate during anaphase (Pampalona et al, 

FIGURE 18. Telomere dysfunction, BFB cycles and CIN 

FIGURE 19. Chromothripsis and kataegis. A. Dicentric chromosomes can be formed when telomeres become 

uncapped. Both can be pulled on opposite poles and form an anaphase bridge. B. If chromatin bridge persists, 

nuclear membrane is partially disrupted to allow the entrance of TREX1 exonuclease. As a result of TREX1 

action, ss-DNA is formed and detected by RPA. RPA signalling persists once the bridge has been resolved 

until the following cell cycle, when illegitimate re-joining and kataegis are presumed to take place. C. The 

chromatin bridge is fragmented in multiple fragments that are randomly repaired. During this process kataegis 

occurs and introduces hypermutated clusters. Figure from (Maciejowski & de Lange, 2017). 
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2016). The balance between the shortening and the lengthening of the opposite k-fibers will determine 

the dicentric segregation to the same pole (Pampalona et al, 2016). 

 

Moreover, telomere dysfunction can engender tetraploid cells through distinct mechanisms. Specifically, 

vHMECs fail to complete cytokinesis when persistent anaphase bridges in the cell equator induce furrow 

regression (FIGURE 18), even in p53 proficient cells (Pampalona et al, 2012). Besides, tetraploidization 

occurs through endoreduplication process when persistent telomere damage due to POT1A/B depletion 

induces an extended G2 phase that result in mitosis bypass (Davoli et al, 2010; Davoli & de Lange, 2012). 

More specifically, the sustained G2 arrest disturbs the fluctuation between CDT1 and geminin. Normally, 

CDT1 licences replication origins and is expressed during G1 and in early S phase; on the other hand, 

geminin is an inhibitor of CDT1 and prevents relicensing of the replication origins and its expression starts 

at S phase and decreases at the end of mitosis. POT1A/B double knockout cells exhibit a prolonged 

geminin S/G2 phase that is followed by a geminin loss without mitosis and a G1-like state (Davoli et al, 

2010; Davoli & de Lange, 2012). Eventually, cells could enter in a subsequent S phase and followed by 

mitosis, thus originating two tetraploid cells. Tetraploid cells are usually arrested through p53 protein and 

the Hippo tumour suppressor pathway, as this pathway senses the presence of extra centrosomes 

(Ganem et al, 2014). But in case of p53 deficiencies, tetraploid cells can proliferate further thus originating 

highly reorganised daughter cells due to the presence of multi- o pseudobipolar divisions and the illicit 

microtubule-kinetochore attachments (Vitale et al, 2011). 

 

6. Telomere dysfunction: learning from mouse 

models 

In contrast to humans, the majority of cells in the mouse express telomerase (Prowse & Greider, 1995). 

Additionally, mice telomeres are longer than human telomeres. This suggests that telomeres are not a 

limiting factor in mice lifespan. To understand the role of telomeres, telomere dysfunction and telomerase 

in the ageing process and in cancer development, several mouse models lacking mTERC or the shelterin 

proteins have been developed. 

 

6.1. Progressive telomere deprotection: telomere shortening 

The abrogation of telomerase from mice has developed to reproduce telomere shortening in mice and 

analyse the systemic effect of telomerase absence. Terc-deficient mouse model (mTerc-/-) results in viable 

and fertile mice as long as their telomeres are long enough (Blasco et al, 1997; Lee et al, 1998). It has 

been reported that telomeric length regresses over a ratio of 4.8 ± 2.4 kb per generation, when the 

mTerc-/- progeny is intercrossed to each other (Blasco et al, 1997). At the 4th generation, telomeres lacked 

detectable telomere repeats, and leaded to chromosome abnormalities, end-to-end fusions and 

aneuploidy (Blasco et al, 1997). It was at the 6th generation when mice became infertile due to defects in 

reproductive system of both males and female mice (Blasco et al, 1997; Lee et al, 1998). In addition to 

infertility, telomere shortening results in early embryonic lethality, whose penetrance increased over 

mTerc-/- generations (Herrera et al, 1999a). More specifically, the absence of telomerase and the 
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progressive telomere shortening is fatal for proper central nervous system, as mTerc-/- embryos fail to 

close the neural tube (Herrera et al, 1999a). 

 

In adult mice, the effects of telomere shortening affects systemically, with more emphasis to the most 

proliferative cells and high renewal organs such as skin, reproductive organs and haematopoietic system 

as well as to the lymphocyte mitogenic response (Lee et al, 1998; Rudolph et al, 1999). In fact, the wound 

reepithelization at late generation mice (Rudolph et al, 1999) or the extensive clonal expansion of B and 

T cells against a mitogen stimulus (Herrera et al, 1999b, 2000) are seriously compromised due to the low 

proliferative capacity. Not only that, but telomerase deficiency and progressive telomere shortening 

result in a reduction of life expectancy and aged related diseases (Rudolph et al, 1999; Herrera et al, 

1999b). An excessive telomere shortening correlates with thinner fat cell layer between the dermis and 

the skeletal muscle of mice, thus contributing to a decreased body weight at the end of mice life (Rudolph 

et al, 1999). In addition, angiogenic potential, which is suggested to result in vascularisation defects, is 

impaired (Franco et al, 2002). Indeed, it might be related to wound healing, tissue repair, or other vascular 

and heart diseases, as the frequency of these diseases increases with human age. Finally, telomerase-

deficient mice models exhibit a progressive cardiac myocyte hypertrophy and heart abnormalities over 

generations (Leri et al, 2003). These defects are exacerbated in the 5th generation mice, in which telomere 

length become critical (Leri et al, 2003). More specifically, cardiac myocyte proliferation is attenuated 

concomitantly with a p53 and apoptosis activation, thus leading to cardiac myocyte hypertrophy (Leri et 

al, 2003). 

 

The impair effect over cell growth suggests that telomere shortening and telomerase abrogation could 

lead to cancer resistance. In fact, telomere shortening exerts its anti-proliferative effect when telomeres 

are critically short in late generation of a cancer-prone mice strain, which is mTerc-/--Cdkn2a-/- (Greenberg 

et al, 1999). In the same line, telomere shortening confers cancer resistance after chemically induced 

carcinogenesis (González-Suárez et al, 2000). While 1st generation mTerc-/- has a similar incidence of 

tumour development than mTerc+/+, cancer development is greatly reduced in the 5th generation mice 

(González-Suárez et al, 2000), reinforcing that telomeres have an antitumoral effect. As mentioned earlier, 

shorter telomeres are recognised as DSB and activate p53 signalling pathway, suggesting that short 

telomeres could be implicated in the apoptotic response, cell cycle arrest and mice death within the 6th 

generation (González-Suárez et al, 2000). 

 

In contrast, p53 abrogation increases the potential viability and fertility of mTerc-/- mice and, while, mTerc-

/--p53+/+ could inbreed six generations, mTerc-/--p53+/- mice inbreed eight generations (Chin et al, 1999). 

Indeed, p53 abrogation represents an advantage at late generations, as rescues cell proliferation, 

cellularity and prevents cell death (Blasco et al, 1997; Chin et al, 1999). However, this proliferative 

extension comes with a price: mTerc-/--p53-/- cells are prone for karyotype reorganisation and aneuploidy 

(Chin et al, 1999; Artandi et al, 2000). Indeed, deprotected telomeres tend to fuse, subsequently entering 

in BFB cycles, which fire chromosome instability and aneuploidy (Chin et al, 1999; Artandi et al, 2000). 

Therefore, telomere shortening in p53 deficiency context is suggested to promote cellular transformation 

and neoplastic process (Chin et al, 1999; Artandi et al, 2000). 
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However, telomeric function restoration by telomerase or ALT is suggested to be essential for a full 

malignant transformation, as the majority of cancer cells have telomerase activity (Kim et al, 1994; Shay 

& Bacchetti, 1997). In line with this hypothesis, two different telomerase deficient mice models exhibited 

tumour formation and prostate metastases or lymphoma infiltration after telomerase reactivation (Ding 

et al, 2012; Hu et al, 2012). These data suggest that telomerase expression after a chromosome instability 

period is required for the acquisition of new cancer hallmarks. In contrast, telomerase inhibition limited 

cell proliferation and induced apoptosis. However, as side effect, telomerase inhibition provoked the 

emergence of ALT mechanisms (Hu et al, 2012). This suggests that telomerase and ALT mechanisms 

alleviate telomeric DNA damage and are necessary for a full malignant phenotype. 

 

6.2. Acute telomere deprotection: shelterin dysfunction 

Telomere deprotection through shelterin dysfunction results in early embryonic lethality in Trf1 (Karlseder 

et al, 2003), Trf2 (Celli & de Lange, 2005), Pot1a/b (Wu et al, 2006; Hockemeyer et al, 2006), Tin2 (Chiang 

et al, 2004) or Tpp1 (Kibe et al, 2010) knockout mice. However, the development of conditional knockouts 

prevents embryonic death and allows the study of the cellular consequences of telomere deprotection 

due to shelterin dysfunction. In this sense, studies with conditional knockouts for different shelterin 

proteins, such as Trf2 (Celli & de Lange, 2005), Trf1 (Martínez et al, 2009) or Pot1a (Pinzaru et al, 2016) 

have shown a strong DDR (DNA Damage Response) signalling and the induction of cell senescence 

through p53/p21 activation (Martínez et al, 2009; Pinzaru et al, 2016). Consequently, inactivation of p53 

increases the survival of shelterin-deficient conditional mice, while increasing the incidence of tumours 

(Martínez et al, 2009; Pinzaru et al, 2016; Akbay et al, 2013; Else et al, 2009). This increase in the 

tumorigenic potential of shelterin-compromised cells has been associated with the development of CIN 

and specifically with the presence of telomere-unstable tetraploid cells using a conditional POT1A 

expression system in mouse fibroblasts (Davoli & de Lange, 2012). Polyploid cells in mice fibroblasts 

lacking Pot1a and showing p53 deficiency, arose through endoreduplication (Hockemeyer et al, 2006) 

when persistent telomere damage arrests cells during S-phase (Davoli et al, 2010). Importantly, the 

dissipation of telomere damage through POT1A restoration allows cell cycle progression of p53-deficient 

tetraploid cells, which displays supernumerary centrosomes and telomere clustering during interphase 

(Davoli et al, 2010; Davoli & de Lange, 2012), and thus might present an increased plasticity to karyotype 

rearrangements (Laughney et al, 2015). 

 

One of the consequences of cells having twice the number of centrosomes is the formation of multipolar 

spindles that are rarely compatible with cell survival, due to major genetic imbalances in daughter cells 

(Brinkley, 2001). However, coalescence of multipolar spindles into bipolarity may favour unresolved 

merotelic attachments, a phenomenon that has recently been defined as the mechanism underlying the 

increase in numerical CIN in tetraploid cells (Ganem et al, 2009; Silkworth et al, 2009). While aneuploidy 

might hamper proliferation of diploid cells (Thompson & Compton, 2008; Williams et al, 2008), it has 

been determined that doubling the chromosome content efficiently buffers the deleterious effect of 

steady-state missegregation generated by centrosome clustering (Ganem et al, 2007). These long lasting 
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4N cells would more readily manifest the genetic changes that might lead to transformation. The most 

direct evidence for the high tumourigenic potential of tetraploid cells comes from the observation that 

4N p53-null mammary epithelial mouse cells can initiate tumours in immunocompromised mice, whereas 

isogenic diploids cannot (Fujiwara et al, 2005). Tumourigenesis via this tetraploid intermediate could 

explain why polyploid cells are observed in early neoplastic stages, and why cancer cells frequently 

contain supernumerary centrosomes and a high rate of whole chromosome missegregation. 

 

Similar to POT1A conditional deficiency, the inducible expression of TRF2DBDM in a telomerase-proficient 

mouse model of human hepatocellular carcinoma enhances tumorigenesis in the liver (Begus-Nahrmann 

et al, 2012). The transient expression of TRF2DBDM induced liver tumour cells with high levels of 

chromosome aberrations, as occurred to 3rd generation mTerc-/- mice (Begus-Nahrmann et al, 2012). 

However, some differences were observed between the two models: TRF2DBDM conditional mice 

exhibited a higher incidence of liver tumours that were bigger and displayed lower levels of DNA damage 

when compared with those formed in 3rd generation mTerc-/- mice (Begus-Nahrmann et al, 2012). These 

differences were associated with the induction of transient acute telomere deprotection periods in a 

telomerase proficient background, as the telomere reprotection periods alleviated the telomere damage 

and was permissive with cell viability (Begus-Nahrmann et al, 2012). 

 

Overall, mouse studies provide in vivo evidence that a period of transient telomere dysfunction, 

developed through telomeric DNA shortening or shelterin deficiency during early or late stages of 

tumourigenesis and before telomere stabilisation occurs, promotes chromosomal instability and 

carcinogenesis in mice models. 

 

7. Telomere dysfunction and human cancer 

Most human cancers in the adult population display a myriad of complex chromosomal aberrations that 

are not always shared by cells of the same tumour or linked to a particular tumour type, which suggest 

constant genetic reshuffling. This chromosomal diversity among the tumour cell population is thought to 

be acquired through chromosomal instability (CIN), which can be defined as the continuous formation of 

new structural and numerical chromosome aberrations, and is one of the most frequent forms of 

instability in human cancers (Lengauer et al, 1998). Several lines of evidence indicate that tumourigenesis 

in humans is a multistep process in which a succession of genetic changes leads to the progressive 

conversion of normal human cells into cancer cells. Within a developing tumour, mutations accumulate 

over time, giving rise to variant cell populations which finally present the ten biological hallmarks that 

dictate malignant phenotype (Hanahan & Weinberg, 2011). It is becoming clear that CIN is not simply a 

passenger phenotype, but probably plays a causative role in the onset of a substantial proportion of 

malignancies (Schvartzman et al, 2010). In humans, a large amount of data collected from tumour biopsies 

suggest that CIN has a founder effect in tumourigenesis, since it is present in all stages of cancer; from 

precancerous lesions, even before TP53 mutations are acquired (Bartkova et al, 2005; Gorgoulis et al, 

2005), to advanced cancers (Nowell Peter C., 1976; Lengauer et al, 1997). In addition, the level of CIN 

and chromosomal aberrations correlates with tumour grade and prognosis (Carter et al, 2006), i.e. 
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chromosomal aberrations tend to be more numerous in malignant tumours than in benign ones, and both 

aneuploidy and CIN are associated with poorer prognoses as well as aggressive histopathologic features. 

 

As described in 1.6, studies in different cancer mouse models showing compromised telomeres have 

highlighted that telomere dysfunction increases tumour initiation by the induction of CIN, but initiated 

tumours need to reactivate telomerase or recombination based mechanisms (ALT-pathways) for genome 

stabilisation and full malignant transformation (Hu et al, 2012). In addition, the analysis of mice deficient 

for both telomerase and p53 expanded the view of how telomere dysfunction impacts on the genesis of 

carcinomas, the main tumour type in human adults (Artandi et al, 2000). These studies were critical to 

establish a relationship between telomere shortening occurring in normal epithelial cells during lifetime 

and the genesis of epithelial cancers, which are the most common malignancies affecting the human 

population (Artandi & DePinho, 2010). 

 

Data analysis of different high-throughput sequencing studies to determine cancer relevant genes 

proposed oncogene-induced DNA replication stress or telomere dysfunction as responsible mechanisms 

for the presence of genomic instability in many sporadic cancers tumours (Negrini et al, 2010). Loss of 

telomere function seems to be dependent on the impairment of the t-loop structure, and appears from 

either alteration of telomere-binding proteins or from the progressive telomere shortening that normally 

occurs under physiological conditions in the majority of replicating cells in tissues. Mutation of shelterin 

proteins is rare in cancer samples (FIGURE 20) (Sanger Institute, 2018), and this low incidence of mutation 

could be related to the deleterious effect they have on cell viability (Karlseder et al, 2003; Celli & de 

Lange, 2005; Wu et al, 2006; Hockemeyer et al, 2006; Chiang et al, 2004; Kibe et al, 2010). In humans, 

only mutations in POT1 have been implicated in the onset and progression of familial melanomas, gliomas, 

angiosarcomas or chronic lymphocytic leukaemia (Shi et al, 2014; Robles-Espinoza et al, 2014; Bainbridge 

et al, 2015; Calvete et al, 2015; Ramsay et al, 2013), in which mutations have been specifically correlated 

with increased telomere fragility and CIN (Ramsay et al, 2013; Calvete et al, 2015). Other shelterin 

deficiencies are mainly related to enhanced telomere biogenesis and/or telomerase recruitment, thus 

supporting a role in later stages of the disease. For instance, TPP1 or RAP1 missense mutations have 

been implicated in increased susceptibility to melanoma (Aoude et al, 2015). TPP1 missense mutations 

localise near or in the same domain of interaction with POT1, and therefore, could hinder the recruitment 

of POT1 to the chromosome end (Aoude et al, 2015). In addition, mutations in TPP1, adjacent to the 

telomerase interaction (TEL patch) domain, could favour its interaction with telomerase and its action 

(Spinella et al, 2015). Indeed, cells with mutations that reduce the interaction between TPP1-POT1 exhibit 

an increased telomere length (Aoude et al, 2015). 
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Significantly, telomere length contributes to the regulation of proliferative cell boundaries. The 

physiological telomere shortening that occurs with natural cell division results in unmasked telomeres 

that trigger the senescent phenotype, thus limiting the proliferative potential of those cells that are at 

risk to transformation. Nevertheless, abrogation of checkpoint-response integrity that limits proliferative 

lifespan might allow cells destined to senesce to further reduce their telomeres and thus initiate the CIN 

needed for cancer development (Stewart & Weinberg, 2006). Accumulated data support the notion that 

loss of telomere repeats could also contribute to human carcinogenesis. Excessive telomere shortening 

is observed in some chronic human diseases associated with high cell turnover, as well as an increased 

risk of cancer, such as liver cirrhosis (Kitada et al, 1995) or pancreatitis (Van Heek et al, 2002). In addition, 

very short telomeres have been reported to be an early alteration in many human cancers (Meeker et al, 

2004b). Circumstantial support for the importance of transient telomere deficiency in facilitating 

malignant progression has come, in addition, from comparative analyses of premalignant and malignant 

lesions in the human breast (Chin et al, 2004; Meeker et al, 2004a; Raynaud et al, 2010). The premalignant 

lesions did not express significant levels of telomerase and were marked by telomere shortening, 

anaphase bridges (a hallmark of telomere dysfunction), and nonclonal chromosomal aberrations. In 

contrast, overt carcinomas exhibited telomerase expression concordantly with the reconstruction of 

longer telomeres and the fixation, via clonal outgrowth, of the aberrant karyotypes that would seem to 

have been acquired after telomere failure but before the acquisition of telomerase activity. Of note, it 

was recently found that early human breast lesions (early DCIS), as well as later invasive ductal carcinoma 

but not normal breast tissues from healthy volunteers contained telomere fusions (Tanaka et al, 2012). 

Collectively, such observations suggest that human breast precancerous cells go through a period of 

excessive telomere erosion that may initiate the CIN that, in turn, could promote the tumorigenic process.
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FIGURE 20. Proportion of mutated genes in cancer samples (mutated samples/tumour samples). hTERT: 

11,109/84,304; TRF2: 97/32,961; TRF1: 106/32,961; POT1: 310/34,273; TPP1 158/32,961; TIN2 

81/32,962; RAP1 70/32,961. (Data from: (Sanger Institute, 2018)) 
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Evidence in mice models underlines that the development of telomere-dependent chromosome 

instability endows unstable cells and the onset and progression of neoplasia (Artandi et al, 2000). 

Nonetheless, the evidence demonstration that telomere dysfunction promote human tumourigenesis still 

remains elusive. Telomere dysfunction has long been held responsible for the initiation of BFB-cycles and 

their accompanying rearrangements, including non-reciprocal translocations, regional amplifications, 

segmental deletions, chromothripsis and kataegis (Maciejowski & de Lange, 2017). Moreover, aneuploidy 

and polyploidy also arise from unmitigated telomere attrition that, when added to this inventory of 

telomere-related genome instability, provide a framework for the genesis of human tumours carrying 

heavily rearranged near tetraploid genomes (Maciejowski & de Lange, 2017). Progressive shortening of 

the telomeric DNA or dysfunction of the shelterin proteins ensue in telomere dysfunction and in the 

inability to protect the chromosome ends (Cesare & Karlseder, 2013). Whereas accumulated data support 

the notion that loss of telomere repeats could contribute to human carcinogenesis (Meeker et al, 2004a; 

Tanaka et al, 2012), mutations in POT1, TPP1 and RAP1 proteins have been detected in familial cancers, 

i.e. melanoma (Robles-Espinoza et al, 2014; Shi et al, 2014; Aoude et al, 2015), glioma (Bainbridge et al, 

2015), angiosarcoma (Calvete et al, 2015) or leukaemias (Ramsay et al, 2013; Spinella et al, 2015). 

Specifically in breast cancer development, the importance of transient telomere deficiency in facilitating 

malignant progression has arised from comparative analyses of premalignant and malignant lesions in the 

human breast (Chin et al, 2004; Meeker et al, 2004a; Raynaud et al, 2010). Of note, it has been recently 

found that early human breast lesions (early DCIS) as well as later invasive ductal carcinoma contain 

telomere fusions, but not normal breast tissues from healthy volunteers (Tanaka et al, 2012). Collectively, 

such observations suggest that human breast precancerous cells go through a period of excessive 

telomere erosion that may initiate the CIN that, in turn, could promote the tumorigenic process. The 

hypothesis of the present Thesis is that immortalised chromosomally unstable cells arising through 

distinct telomere dysfunction sources promote human breast carcinomas. 

 

For this purpose, we aimed to: 

 

1. Ascertain whether vHMECs that have flown through a progressive telomere attrition and 

dysfunctional process might engender unstable cells when immortalised. 

 

2. Evaluate the impact of telomere uncapping through the inducible expression of TRF2
DBDM, in 

order to initiate telomere-dependent CIN in immortalised MCF-10A mammary cells. 

 

3. Determine whether cumulative periods of telomere uncapping in immortalised human mammary 

epithelial cells may eventually provide the advantageous alterations needed for the onset of 

breast carcinogenesis. 
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Absence of cellular transformation and 

tumorigenic potential of SV40LT-hTERT 

immortalised HMECs after telomere uncapping 

 

Introduction 

In adult humans, cancers are predominantly of epithelial origin, a tissue where there is continuous cell 

renewal. These cycles of proliferation and replacement are especially prominent in the breast where, in 

each menstrual cycle, a regulated-hormonally proliferation of the epithelial cells is followed by the 

regression of the epithelium. It could be therefore assumed that given their high rate of cell division 

mammary epithelial cells are susceptible to increased telomeric erosion. In fact, evidence of telomere 

shortening has been observed in premalignant mammary lesions (Meeker et al, 2004). And the implication 

of telomere dysfunction in the origin of breast cancer was supported by experimental studies comparing 

premalignant and malignant lesions (Chin et al, 2004; Raynaud et al, 2010). While the premalignant lesions 

were characterised by the presence of excessively short telomeres and non-clonal chromosomal 

aberrations, the carcinomas contained chromosomes with longer telomeres, exhibited telomerase activity 

and the presence of clonal chromosomal anomalies presumably fixed in the karyotype after suffering a 

period of telomere dysfunction. Finally, convincing proof of the presence of telomere dysfunction in 

mammary carcinogenesis is the observation of telomere-telomere fusions by means of TAR (telomere-

associated repeat) fusion PCR in premalignant breast cancer lesions (DCIS) and not in normal breast tissue 

(Tanaka et al, 2012). Thus, all these observations would give relevance to telomere-dependent 

chromosomal instability (CIN) as one of the key factors in the onset of mammary carcinogenesis. 

 

Our studies in human primary epithelial cells derived from the mammary gland (vHMECs) have allowed 

us to establish a direct connection between physiological telomere dysfunction and the generation of 

massive chromosome instability (Soler et al, 2005; Tusell et al, 2008; Pampalona et al, 2010a, 2010b; 

Tusell et al, 2010; Pampalona et al, 2012), which would be at the base of the tumour process (Genescà 

et al, 2011). In these primary cells, spontaneous hypermethylation of the CDKN2A promoter makes it 

possible to evade senescence and enter a second phase of cell proliferation, where excessive telomeric 

shortening results in an exorbitant CIN that ends in agonescence or cell crisis. It is believed that only 

those genetically unstable cells that are capable of activating mechanisms to stabilise the telomere length 

will be able to avoid cell death associated with genetic chaos and possibly acquire a malignant phenotype. 

However, when telomerase is artificially reactivated in vHMECs that present CIN derived from telomere 

dysfunction, the instability of immortalised cells is drastically reduced [(Work I) which is (Bernal et al, 

2018b)]. 

 

Another way to obtain immortal unstable cells that have been passed through a telomere dysfunction 

period is by the modification of shelterin proteins. Among them, TRF2 is essential for t-loop conformation 

and DNA damage response (DDR) modulation (Buscemi et al, 2009; Okamoto et al, 2013; Cesare et al, 

2013). Indeed, the absence of this protein leads to end-to-end fusions, growth arrest and senescence or 

cell death (Steensel et al, 1998; Karlseder et al, 1999; Celli & de Lange, 2005; Denchi & de Lange, 2007). 
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This also occurs when a mutant form of TRF2 lacking the Basic and the Myb domains (TRF2DBDM) is 

expressed, as it displaces endogenous TRF2 from telomeric DNA (Steensel et al, 1998; Smogorzewska & 

de Lange, 2002). Whereas the persistent/constitutive expression of TRF2DBDM leads to the death of the 

cells (Smogorzewska & de Lange, 2002), the inducible/conditional expression of TRF2DBDM in a telomerase 

active background would allow the cells to acquire a moderate and tolerated CIN, which would lead to 

unstable cells potentially susceptible to malignant transformation. In fact, conditional expression of 

TRF2DBDM in mice enhances CIN inception and hepatocarcinoma development (Begus-Nahrmann et al, 

2012). Moreover, transient dysfunction of POT1A in mice induces the formation of unstable-tetraploid 

cells and promotes cell transformation and tumour development (Davoli & de Lange, 2012). With the aim 

of developing a novel preclinical model to determine whether telomere-driven unstable cells were 

capable of initiating mammary carcinogenesis, we have established an inducible TET-ON system for 

TRF2DBDM in mammary epithelial cells derived from aesthetic reduction. 

 

Results and discussion 

Isolation and immortalisation of human mammary epithelial cells. 

This study is based on the processing and immortalisation of human mammary epithelial cells (HMECs) 

from healthy donors. Mammary tissue from four different patients was processed to obtain of human 

mammary epithelial cells. Patients read and provided written informed consent for the collection and use 

of tissue samples for research purposes, according to protocols approved by Human Subjects Protection 

Committee of Universitat Autònoma de Barcelona. Coded mammary tissue was minced through 

mechanical and enzymatic digestion and isolated organoids were cultured for HMECs proliferation 

(FIGURE 21A). 

 

In order to prevent telomere shortening and p53 and pRb activation, cells were transduced by the 

catalytic subunit of telomerase (hTERT) and the Large T antigen from the Simian virus 40 (SV40LT). The 

hTERT transduction was performed immediately after HMECs isolation from organoid cultured (passage 

1, except for CP5 which was transduced at PD 5.15). The coding hTERT lentivirus did not express a 

selection marker. To allow hTERT expression, the following week cells were transduced with lentiviral 

particles containing SV40LT and mCherry under the same promoter (CP3 PD 6.92; CP4 PD 6.72; CP5 

PD 5.61; 14p PD 4.00). Validation of successful HMECs transduction was performed by western blot at 

early PD after virus infection (CP3 PD 17.98; CP4 PD 18.64; CP5 PD 15.60; 14p PD 13.42) (FIGURE 

21B). Moreover, SV40LT expression was also validated at 60 PDs after transduction through flow 

cytometry, as it has been reported that SV40LT is diluted over cell passages in deficient p16INK4a 

mammary cell lines (Huschtscha et al, 2001; Toouli et al, 2002) [(Work II) which is (Bernal et al, 2018a)]. 

At that time, the four immortalised and modified cell lines (HMEC-TO) displayed the Large T antigen with 

a high frequency: CP3-TO: 78.30%, CP4-TO: 69.29%, CP5-TO: 95.73%, and 14p-TO: 64.96% (FIGURE 

21C). The absence of leaking of SV40LT in our mammary cells could be related to the fact that they have 

not undergone a selection process where p16INK4a is epigenetically inactivated. Although hTERT was 

not verified at late PDs, cells displayed exponential growth for a minimum of 60 PDs (FIGURE 21D). 
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FIGURE 21. HMECs harvesting and immortalisation. A. Representative images of tissue processing, organoid isolation and primary 

HMECs growth. B. hTERT and SV40LT immunoblot detection. C. Cytometric plots of SV40 st+LT expression of HMEC-hTERT-SV40LT-

TO cells at late PDs and their representative cell cycle plots. D. Cell growth curves of the CP3; CP4; CP5 and 14p cell lines for the 

initial 50 PDs. 

 

Immortalisation of cells expressing different lineage markers 

The mammary gland presents a ductal structure where luminal epithelial cells face the lumen of the duct 

and are surrounded by myoepithelial cells (Inman et al, 2015). During lactation, luminal alveolar cells 

synthesise and secrete milk proteins into the ducts, and the contraction of myoepithelial cells facilitates 

the milk transport to the nipple [Reviewed by (Inman et al, 2015)]. The mammary cell population remodels 

during the female’s lifetime, mainly due to hormonal changes and age. And while the myoepithelial lineage 

is predominant in younger females, luminal cells expand during pregnancy and lactation, and in elder 

females luminal cells with basal-like features, and progenitor cells are more abundant (Garbe et al, 2012). 

 

The in vitro culture of epithelial cells is a challenge, as culture conditions enrich for myoepithelial lineage 

against the luminal lineage over population doublings (PD). The maintenance of myoepithelial and luminal 
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lineages over cell passages is important as it has been suggested that both lineages could develop 

different tumour subtypes. Cells of myoepithelial origin could originate squamous cell carcinomas, while 

the tumours from luminal lineage are suggested to be more similar to human breast adenocarcinomas 

(Ince et al, 2007). To prevent this cell bias, organoids and epithelial cells were fed with the M87AX 

medium, which is a low stress medium and allows the growth of multiple mammary epithelial lineages for 

up to 60 population doublings before stasis, a senescence entry due to cell culture conditions (Garbe et 

al, 2009). 

 

To test the abundance of mammary cell lineage, the presence of myoepithelial CD10 and luminal lineage 

CD227 (also called MUC) markers at the plasma membrane was monitored in the different cell lines 

between PDs 42 and 62. The four cell lines expressed both markers to a greater or lesser extent (FIGURE 

22). Specifically, CP4-TO and CP5-TO cell lines mainly expressed exclusively the CD10 marker in the 

membrane, 49.5% and 66.4% respectively, thus suggesting that myoepithelial lineage was enriched in 

both cell lines. In contrast, the CP3-TO cell line mainly co-expressed both markers in the membrane 

(40.5%). Finally, the cells present in the 14p-TO cell line were mainly double negative from both markers 

(73.8%), followed by a myoepithelial lineage (17.2%), luminal lineage (5.0%) and the progenitor population 

(4.0%). The presence of both markers has been related to progenitor mammary cells, which increase with 

age in vivo (Garbe et al, 2012). 
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FIGURE 22. Immunodetection of mammary cell lineages. A. Immunodetection of CD-10 and CD-227 for each cell line by flow 

cytometry. B. Summary table of mammary cell lineage proportions. The absolute percentage of CD10 and/or CD227 positive cells is 

shown, as the positive population of the isotype control has been subtracted. 

 

TRF2DBDM induction, anaphase bridges and end-to-end fusions 

To develop CIN through shelterin deficiency-dependent CIN model in immortalised human mammary 

epithelial cells, HMEC-hTERT-SV cells were transduced with lentiviral particles coding for the rtTA3 and 

TRF2DBDM genes (HMEC-hTERT-SV-TO), hereafter HMEC-TO. Importantly, the TRF2DBDM was under a 

conditional promoter based on tetracycline resistance to prevent the deleterious effect of TRF2DBDM 

expression over cell growth, and was only expressed when doxycycline (DOX) was added to the cell 

medium. 

 

To validate the efficacy of TRF2DBDM expression, DOX was added to the cell culture during 72 h. The 

expression of TRF2DBDM truncated protein was detected by immunoblotting and compared with 

uninduced protein extracts from the four cell lines (FIGURE 23A). The expression of TRF2DBDM leads to t-

loop disassembly, end-to-end fusions formation and an increase in anaphase bridges (Bernal et al, 2018b). 

The anaphase bridge analysis was performed between PD 30 and PD 55. At that point, the anaphase 

bridge rate significantly increased after 72 h of DOX exposure in all cell lines (Fisher’s exact test p-value 

0.0002 for CP4-TO and p-value <0.0001 for CP3-TO, CP5-TO and 14p-TO) (FIGURE 23B) 

(SUPPLEMENTARY TABLE 1). 
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FIGURE 23. TRF2DBDM induction and anaphase bridge formation. A. Immunodetection of TRF2DBDM after 72 h of DOX exposure, GAPDH 

immunodetection was used as a loading control. B. TRF2DBDM expression for 72 h increased the anaphase bridges rate. 

 

Moreover, the cell lines were tested again for TRF2 expression after long term culture in order to 

determine whether the inducible system was still expressed by the cells. For that purpose, a control 

population never exposed to DOX at PD of around 95 of CP3-TO, CP5-TO and 14p-TO was exposed to 

24 h DOX and the induction of TRF2DBDM and the presence of end-to-end fusions with telomeric DNA 

at the junction point were recorded. The induction of TRF2DBDM expression during 24 h showed some 

differences at late PD with respect to the expression displayed at mid PD. While 24h of DOX in CP3-TO 

barely induced TRF2DBDM protein expression, the levels observed in CP5-TO and 14p-TO were extremely 

high (FIGURE 24A). However, basal levels of TRF2DBDM expression at uninduced CP5-TO were prominent, 

thus reflecting the leaking of the inducible protein. Those expression discrepancies at late PD could be 

due to the growth of some clones with a different expression of TRF2DBDM during cell passages. 

 

The analysis of end-to-end fusions after 72 h DOX exposure in long term unexposed cells revealed that 

there was only a significant increase in the rate of metaphases showing chromosome fusions only in the 

14p-TO cell line (Fisher’s exact test p-value 0.0106) (FIGURE 24B) (SUPPLEMENTARY TABLE 2), as well as in 

the number of fusions per cell (0.042 fusions/cell in 14p-TO non-treated cells vs 0.64 fusions/cell in the 

72 h TRF2DBDM induced samples; Mann-Whitney test p-value 0.0062) (FIGURE 24C), but strikingly, no 

telomeric signal was displayed in this cell line at the fusion point of dicentric chromosomes when 

compared with CP3-TO and CP5-TO (FIGURE 24D). These contradictory results could be caused by the 

low number of metaphase plates analysed as only 20 cells per condition and cell lines were evaluated. 
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FIGURE 24. Telomere dysfunction phenotype after 72 h of TRF2DBDM induction in long term cell cultures. A. TRF2DBDM Immunodetection 

in long term unexposed cells. B. The presence of chromosome fusions was validated in long term cell cultures after DOX exposure for 

72 h. Only 14p-TO exhibited an increase in chromosome fusions. C. Number of fusions per cell increased in the 14p-TO cell line at 

late PDs. Data were presented as mean + SEM. D. Surprisingly, 14p-TO did not increased end-to-end fusions displaying TTAGGG 

repeats at the fusion point, thus suggesting that TRF2DBDM was not behind chromosome fusions in this cell line. In contrast, telomeric 

fusions displaying TTAGGG repeats increased in long term cell cultures CP3-TO and CP5-TO. E. Representative images of 14p cell line 

karyotype, in uninduced and 72 h DOX treated samples. The karyotype analysis of the CP3-TO cell line was performed at PD 95.69 

and 106.22 for long term unexposed and long term 72 h DOX cell cultures, respectively. The karyotype analysis of the CP5-TO cell 

line was performed at PD 94.08 and 97.12 for long term unexposed and long term 72 h DOX cell cultures, respectively. The karyotype 

analysis of the 14p-TO cell line was performed at PD 91.16 and 95.68 for long term unexposed and long term 72 h DOX cell cultures, 

respectively. 

 

Telomere protection-deprotection cycles and CIN 

With the aim of inducing telomere-dependent CIN, we exposed the CP3-TO, CP4-TO, CP5-TO and 14p-

TO cell lines to DOX cycles and washout where cells were allowed to recover for the following 6 days. 

To decide the extension of the protection-deprotection cycles in HMEC-TO, we used of the results 

previously obtained in the MCF-10A expressing the TRF2DBDM cell line. Different DOX exposure times 

were tested in MCF-10A cells (24 h, 48 h, 72 h and 96 h followed by a washout) (data not shown). 

Whereas end-to-end fusions, anaphase bridges and a slight tetraploid increase were observed when cells 

were exposed to 96 h of DOX (Bernal et al, 2018a), this exposure time was deleterious for the 

proliferation of unstable cell (Bernal et al, 2018a). In contrast, 24 h of DOX exposure was demonstrated 

to be sufficient for telomere deprotection (Bernal et al, 2018a) and thus it could be permissive for cell 

proliferation. In fact, the analysis of the cell cycle profile of HMEC-TO cells suffering increased cycles of 

24 h DOX demonstrated a polyploid population that increased over time (FIGURE 25). 
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FIGURE 25. Polyploid population increased after TRF2DBDM expression cycles. A. Cell cycle profiles of 14p-TO cell line during the 

progression of protection-deprotection cycles. Note that in the last cell cycle profile only 3774 cells were analysed. B. Graph displaying 

polyploid evolution during the progression of protection-deprotection cycles. 

 

After DOX-cycles, the CP3-TO cell line showed two polyploid subpopulations one containing 85 

chromosomes (4N) (55%) and another with 160 chromosomes (8N) (10%), (SUPPLEMENTARY TABLE 2). Two 

subpopulations were also observed in CP5-TO but in this case, there was a near diploid population of 45 

chromosomes (5%) and a tetraploid population of about 80 chromosomes (50%). Finally, the 14p-TO cell 

line had a modal karyotype of 86 chromosomes (37.5%). As mentioned earlier, only 24 metaphases has 

been analysed and the exact modal karyotype could be misinterpreted. In fact, flow cytometry cell cycle 

analysis exhibited a mixture of diploid and G1-tetraploid cells. Overall, these data suggested that the 

telomere protection and deprotection cycles were able to engender polyploid cells that persisted over 

time. And this fits well with some reports describing that tetraploid cells can originate through telomere 

dysfunction (Davoli & de Lange, 2012; Pampalona et al, 2012). To assure the implication of telomere 

dysfunction in the origin of polyploid HMEC-TO, we analysed the karyotype of unexposed cell lines at 

an equivalent PD. This analysis demonstrated that the unexposed CP3-TO and CP5-TO cell lines included 

a mixture of a near-diploid/diploid population (45 (69.57%) and 46 (34.48%) chromosomes, for CP3-TO 

and CP5-TO respectively) and a near tetraploid one (88 (13.04%) and 79 (37.5%) chromosomes, for CP3-

TO and CP5-TO, respectively), whereas the 14p-TO cell line exhibited a single near tetraploid 

subpopulation of 88 chromosomes (54.17%). These results suggested that telomere dysfunction is not 

the cause of polyploidisation events in HMEC-TO exposed to DOX cycles. In addition, the karyotype 

analysis of the induced cell lines revealed, when compared with TRF2DBDM uninduced samples at a similar 

PDs, that chromosome fusions increased (Fisher’s exact test p-value 0.0102 for the 14p-TO cell line vs 

5th DOX cycle) (FIGURE 26A), and the number of fusions per cell (Mann-Whitney test p-value 0.0049 for 

the 14p-TO cell line vs 5th DOX cycle) (FIGURE 26B) in 14p-TO cell line. Despite the increase in 

chromosome fusions in the 14p-TO, only one of them was observed to display telomeric signals at the 

fusion point (FIGURE 26C). In addition, roughly all chromosomes contained a bright and intact telomeric 

signal at each end. These results suggest that telomeric fusions or chromosomal reorganisations derived 

from BFB cycles are rare after telomeric protection-deprotection cycles. 
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FIGURE 26. Telomere dysfunction phenotype after long term culture unexposed and exposed to successive DOX cycles. A. 

Chromosome fusions increased in the 14p-TO cell line in the 5th DOX cycle when compared to the unexposed counterpart. B. The 

number of fusions per cell increased in the 14p-TO cell line. Data were presented as mean + SEM. C. One telomeric fusion was 

observed in the 14p-TO cell line in the 5th DOX cycle. D. Representative image of the 14p cell line karyotype exposed to successive 

DOX cycles The karyotype analysis of the CP3-TO cell line was performed at PD 95.69 and 95.47 for the long term unexposed and 

7th DOX cycle, respectively. The karyotype analysis of the CP5-TO cell line was performed at PD 94.08 and 98.83 for the long term 

unexposed and 5th DOX cycle, respectively. The karyotype analysis of the 14p-TO cell line was performed at PD 91.16 and 75.12 for 

the long term unexposed and 5th DOX cycle, respectively. 

 

Given that TRF2DBDM barely produces end-to-end chromosome fusions, the increased polyploid 

population should be caused by the SV40LT immortalisation process. SV40LT transduction has been 

reported to induce genetic variability by increasing both numerical and structural chromosome 

aberrations (Ray et al, 1992; Cotsiki et al, 2004; Hein et al, 2009). As SV40LT inactivates p53 and pRb 

allowing a lifespan extension, the presence of karyotype abnormalities could be perpetuated and 

enhanced over population doublings (Shay & Wright, 1989). On the whole, the results in induced HMEC-

TO are in line with the detrimental effect of TRF2DBDM overexpression, which prevents cell cycle 

progression of cells when a deep telomeric insult has been impinged (Bernal et al, 2018a). 

 

Transformation assay of telomere-compromised cell lines in 3D 

cultures and in mice 

The tumorigenic potential of unstable cells due to shelterin dysfunction has been proved in the mouse in 

vitro (Davoli & de Lange, 2012) and in vivo (Davoli & de Lange, 2012; Begus-Nahrmann et al, 2012) 

conditions. So, we were interested in knowing whether human cells suffering telomere dysfunction were 

also prone to transformation. 

 

Firstly, we tested the behaviour of unexposed cells and TRF2DBDM-induced cells in three dimensional 

cultures. Unlike monolayer, 3D cultures allow cells to adopt a conformation morphology that resemble 

the mammary gland, as the cells adopt the form of apicobasal polarised acini-like spheroids (Debnath & 

Brugge, 2005) and allow the expression of some genes that would be silenced in 2D. The 3D culture 

experiments were performed in collaboration with the Tumour Heterogeneity group from ECSCRI led by 

Dr. Matthew J. Smalley. A combined diploid and tetraploid population (TABLE 1) was cultured on top of 

the extracellular Matrigel, an extracellular matrix derived from Engelbreth-Holm-Swarm mouse sarcoma 

cells, and on top of the collagen:Matrigel (1:1) mixture. Both matrices allow the formation of acinar 



146 Work III  

 

structures that resemble bilayer acini from the mammary gland, consisting of an external myoepithelial 

cellular layer and an internal luminal cellular layer surrounding a hollow lumen (Debnath et al, 2003; 

Debnath & Brugge, 2005). It has been suggested that the lack of polarisation or the aberrant growth and 

invasion of the lumen mimics the biological events associated with epithelial cancers (Debnath & Brugge, 

2005). 

 

Table 1. Tetraploid percentage in cell lines at the beginning of 3D culture experiments 

  CP3-TO CP4-TO CP5-TO 14p-TO 

Unexposed cells 
PD 72.64 60.53 77.14 63.34 

Polyploid cells (%) 20.3 8.3 0.8 1.1 

TRF2DBDM -induced cells 

PD 89.80 77.31 88.36 80.92 

DOX cycle 5th 4th 4th 5th 

Polyploid cells (%) 49.2 10.7 26.9 24.5 

 

Acinar	size,	bud	and	branch	formation	and	acini	polarity	

The difference between Matrigel and collagen:Matrigel extracellular matrices varies in terms of their in 

their stiffness. While Matrigel exerts more resistance to acini growth and tubular or branches formation 

due to its greater stiffness, the collagen:Matrigel mixture allows a more relaxed matrix that is permissive 

with acini growth and invasive structures. So it is not surprising that the acini formed in Matrigel were 

smaller than those formed in the collagen:Matrigel matrix (FIGURE 27) (SUPPLEMENTARY TABLE 3-4) 

(SUPPLEMENTARY FIGURE 1); or that the collagen:Matrigel acini were more prone to bud and branch 

formation (FIGURE 28) (SUPPLEMENTARY TABLE 5-6). 

 

 
FIGURE 27. Acini size analysis. A. Representative images of formed acini on top of Matrigel in non-exposed cells and TRF2DBDM-induced 

cells of CP3 and CP4 cell lines. B. TRF2DBDM-induced acini of CP4 and CP5. Solid lines represent mean ± SEM. 
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After the repeated cycles of telomere protection-deprotection cycles only CP4-TO and CP5-TO acini, 

with higher levels of myoepithelial markers were larger than the non-treated controls in both matrices 

used (FIGURE 27) (SUPPLEMENTARY TABLE 3) (SUPPLEMENTARY FIGURE 1). Moreover, in the collagen:Matrigel, 

also the treated CP3-TO showed an increase in acinar growth (  
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SUPPLEMENTARY TABLE 4). In contrast, the ability to form buds and branches (BB) was reduced in the cell 

lines with myoepithelial markers (CP4-TO and CP5-TO), but enriched in those containing progenitor cells 

and in a double negative population of CD10 and CD227 (CP3-TO and 14p-TO cell lines, respectively) 

(FIGURE 28B). Nonetheless, the incidence of BB was reduced in CP3-TO and 14p-TO cells that suffered 

telomere protection-deprotection cycles compared to their control counterparts (SUPPLEMENTARY TABLE 6). 

 

 
FIGURE 28. Bud and branch structures were mainly observed in unexposed CP3-TO and 14p-TO cell lines when cultured in 

collagen:Matrigel. A. Presence of buds and branches in Matrigel cultured acini. B. Presence of buds and branches in collagen:Matrigel 

cultured acini. Solid lines represent mean ± SEM. 

 

Functional differentiation in the mammary acinus requires an architectural reorganisation to conform a 

polarised structure that could enable milk secretion (Mroue & Bissell, 2013). The lack of acini polarity is 

a hallmark of aberrant acini formation and could be related to a transformation predisposition (Debnath 

et al, 2003). Immunodetection of integrin a-6 was performed to assess acini polarity. Polarity analysis 

indicated that CP4-TO and CP5-TO, which were mainly myoepithelial cells, contained a high percentage 

of polarised acini and no differences were observed between unexposed and exposed DOX acini (FIGURE 

29). Strikingly, CP3-TO and 14p-TO behave in the opposite way. In the case of the CP3-TO cell line, 

telomere protection-deprotection cycles may have a detrimental effect on the acini formation that lacks 

integrin a-6 expression in the basal membrane (FIGURE 29) (SUPPLEMENTARY TABLE 7). In contrast, telomere 

protection-deprotection cycles in the 14p-TO cell line may enhance the acini formation that lacks integrin 

a-6 (FIGURE 29) (SUPPLEMENTARY TABLE 7). The implication of TRF2 during 14p and CP3 acini polarisation 

remains elusive. 

 

 
FIGURE 29. Polarity acini analysis. A. Representative images of polarised acinus (right) and unpolarised acinus (left). B. Percentage of 

polarised and unpolarised acini in unexposed and DOX exposed acini. 

 

Four types of acini have been described depending on their cell organisation, the robustness of cell-cell 

adhesion and the acini shape (Kenny et al, 2007). Regarding this acini classification, CP4-TO and CP5-TO 

were considered mass class type acini, as they were characterised by round colony outlines, but the cells 

in the acini were disorganised and the acini are not fully empty at the fourth day. The CP3-TO cell line 

mostly adopted a grape-like class acini which form colonies with poor cell-cell contacts, although mass 
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class acini were also found in the CP3-TO 3D culture. In contrast, it was considered that 14p-TO formed 

Stellate class acini, as it displayed a highly ramified growth rather than a globular one. These results 

suggests that genetic differences between donors exists that could conditionate the acini morphology 

and behaviour. 

 

Apoptosis	and	proliferation	index	in	acini	
After the apicobasal polarisation, lumen formation takes place. Selective apoptosis is essential for a hollow 

lumen formation during acinar development and this became evident by day 10 in MCF-10A cells 

(Debnath et al, 2002). However, no hollow lumen was observed, due to the possibility that fixing the cells 

at day 10 was too early, as in MCF-10A the complete lumen formation has been observed at day 20 

(Debnath et al, 2003). Apoptosis index was determined by the immunodetection of cleavage-CASP3, an 

active marker of apoptosis. Positive stained cells were mainly observed in non-treated myoepithelial cell 

lines (CP4-TO and CP5-TO). In contrast, apoptosis levels sharply decreased in TRF2DBDM induced acini 

(FIGURE 30) (SUPPLEMENTARY TABLE 8). An in-depth analysis of the location of the apoptotic cells did not 

reveal any clear evidence that apoptosis had taken place in the luminal area (data not shown), which is 

indicative of lumen formation. 

 

 
FIGURE 30. Apoptosis decrease in myoepithelial DOX exposed acini. A. Representative images of cleaved-CASP3 in unexposed and 

DOX exposed acini. B. Frequency of cleaved CASP3 positive cells per total of cells in the acini. Solid lines represent mean ± SEM. 

 

Given that the analysed acini did not display a marked apoptosis into the lumen or even a hollow lumen, 

the presence of cells into the lumen could also be explained by a higher proliferation index. To address 

the proliferation ratio in the acini’s lumen, the mitosis marker H3-Ser10 was detected. The proliferation 

index contains some inconsistencies regarding a lineage effect or TRF2DBDM expression. Statistical 

differences were observed in the CP3-TO and CP5-TO cell lines, in which the proliferation index in each 

TRF2DBDM-induced acini were lower than the non-induced counterparts (FIGURE 31) (  
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SUPPLEMENTARY TABLE 9). 

 

 
FIGURE 31. Proliferation ratio in acini. A. Representative images of H3-Ser10 in unexposed and DOX exposed acini. B. Frequency of 

H3-Ser10 positive cells per total of cells in the acini. Solid lines represent mean ± SEM. 

 

Overall, the absence of a hollow lumen and a low apoptosis level in all HMEC-TO, both treated and 

untreated, could be explained by SV40LT overexpression. It has been reported that SV40LT expression 

promotes ErbB2 overexpression, which is necessary for cell growth (Li et al, 2008), and prevents the 

formation of a hollow lumen (Muthuswamy et al, 2001). In addition, it might be possible that experiment 

time was not adjusted to see the complete lumen formation. Regarding proliferation rate in acini, the 

results were inconclusive, as the different cell types followed different trends with no obvious rule, thus 

suggesting that other factors could be influence the proliferation index in the acini. 

 

On the whole, the 3D results did not suggest that telomere dysfunction could influence acini growth and 

development. On the contrary, the differences observed could rather be related to the lineage markers 

and probably to their genetic background. 

 

Cell	sorting	and	the	effects	of	polyploid	population	in	mice	xenografts 

In addition to testing the tumorigenic potential of HMEC-TO in 3D, the capacity of the cells to form 

tumours was checked in immunocompromised mice. Moreover, given that according to different studies, 

the capacity of malignant transformation of tetraploid cells is higher than that of diploids, we sorted DOX-

exposed HMEC-TO according to their ploidy. The cell sorting was only performed in the cell lines with a 

high number of polyploid cells, which were CP3-TO, CP5-TO and 14p-TO (FIGURE 32A). After sorting, 

the different fractions were expanded and a minimum of 2.2 millions of cells per condition were grafted 

in nude female mice. More specifically, non-induced cells (Group 1-MIX) containing a mixture of diploid 

and polyploid fractions, a diploid population of DOX treated cells (Group 2-2N) and a polyploid population 

of DOX treated cells (Group 3-4N) were ectopically grafted in the mammary gland of a minimum of three 

Balb/c strain females. These animal experiments were performed by Growth Factor Research Group in 

the Animal Facilities of the Vall d’Hebron Institute of Oncology (VHIO) according to the protocols 

approved by the VHIO Ethics Committee on Animal Research and Generalitat de Catalunya. 
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The mice were kept in the Animal Facility for a minimum of 300 days. During this time, some mice deaths 

were observed. However, these were related to mice sickness and no evidence of tumour growth was 

found after necropsy. Moreover, mice life expectancy did not displayed any relevant changes between 

the three mice groups in any of the three cell lines (FIGURE 32B). This suggested that non-induced cells, 

diploid-DOX treated cells and tetraploid-DOX treated cells did not impair mice survival due to a tumour 

formation or an tumour aggressive phenotype. During the time of the experiment, mice weight was 

monitored to detect a drop in body weight that could be indicative of tumour development. No mice 

from any group showed a dramatic fall in body weight (FIGURE 32C), thus suggesting normal development 

during mice growth. In fact, no evidence of tumour growth was found in any group of the CP3-TO, CP5-

TO and 14p-TO xenografted mice groups (FIGURE 32D). Overall, these results suggest that cells that had 

been flowed by telomere protection-deprotection cycles were unable to initiate a carcinogenesis process 

into the mice mammary gland. Similarly, the polyploid cells originating from SV40LT expression had no 

tumorigenic potential. Regarding the tumorigenic potential of the polyploid cells originating due to 

SV40LT expression, some discrepancies exits. Several authors described a mild tumorigenic potential of 

SV40LT immortalised human cells, as small subcutaneous tumours were found, although those tumours 

could not metastasise (Toouli et al, 2002). In contrast, other authors rule out the tumorigenic potential of 

SV40LT-hTERT immortalised human cells grafted in mice (Elenbaas et al, 2001). Our results are in line 

with these last authors, thus suggesting that SV40LT-derived human cells have no tumorigenic potential. 
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FIGURE 32. SV40LT-derived polyploid human cells do not exhibit a tumorigenic potential in xenografted mice. A. Diploid and polyploid 

population of CP3-TO, CP5-TO and 14p-TO were selected by FACS. B. Kaplan-Meier survival curves of long term unexposed cells, 

2N DOX-exposed cells and 4N DOX-exposed cells showed no differences in any of the analysed cell lines. C. Animal weight in all three 

groups was indistinguishabled for a minimum of 2 months in all cell lines. D. Tumour volume was measured to evaluate a putative 

tumour growth. No group in any cell line showed a sharp growth increase that could give rise to the suspicion of tumour development. 

 

Conclusions 

Overall, these results obtained with HMEC-TO cells confirmed that telomere dysfunction due to the 

TRF2DBDM expression does not result in telomere-dependent karyotype reorganisations in human cells. 

Human cells unexposed and exposed to successive DOX cycles conform disorganised acini that resemble 

the acini growth of some tumour cell lines. However, the acini morphologies have no relation with the 

previous fluctuations in telomere protection. Instead, they might be biased depending on cell lineage and 

their genetic background, as some non-tumour cells could adopt non-organised morphologies. Human 

hTERT and SV40LT immortalised cells unexposed and 2N- and 4N-exposed to successive DOX cycles 

have no tumorigenic potential in nude mice. Our results support the model in which the simultaneous 

deprotection of many telomeres could exert an excessive DNA damage that prevents the progression of 

unstable cells, thus maintaining genomic integrity. 
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Methodology 

Isolation of human mammary epithelial cells and culture 

conditions 

Mammary gland tissue was obtained by surgical procedures and placed in sterile containers containing 

TMM medium supplemented with 10% foetal bovine serum (FBS). Prior to surgery, all patients signed a 

written consent form allowing their tissue to be used for biological research. All work with human tissue 

was reviewed and approved by the Human Subjects Protection Committee of Universitat Autònoma de 

Barcelona. 

 

For the tissue digestion and organoid isolation of the CP3, CP4 and CP5 cell lines, the LaBarge and 

collaborators manual was followed (TABLE 2-4) (LaBarge et al, 2013). In contrast, for the 14p cell line, the 

organoids were obtained according to the conditions described by Ince and colleagues (Ince et al, 2007). 

After the digestion process, the digested material was seeded in a Petri dish coated with collagen type I 

from rat tail (Gibco), and the cells were cultured with M87AX (Garbe et al, 2009) and supplemented with 

the ROCK1 inhibitor Y27632 (Abcam) (10 µM) for the first three months. Once attached, the cells from 

the organoids started to grow and the HMECs were harvested and cultured separately in collagen coated 

flasks and fed with M87AX plus Y27632. 

 

Table 2. Tissue Mix Medium (TMM) composition 

Component Concentration 

DMEM:F12  

Penicillin 

Streptomycin 

100 U/ml 

100 mg/ml 

Polymyxin B 50 U/ml 

Amphotericin B 5 µg/ml 

FBS 5% 

 

Table 3. Tissue Digestion Medium (TDM) composition 

Component Concentration 

DMEM:F12  

Penicillin 

Streptomycin 

100 U/ml 

100 mg/ml 

Polymyxin B 50 U/ml 

Amphotericin B 5 µg/ml 

Hyaluronidase 

Collagenase A 

100 U/ml 

200 U/ml 

Insulin 10 µg/ml 

FBS 10% 
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Table 4. M87AX medium composition 

Component Concentration 

(DMEM:F12):MCDB170 1:1 

Albumax I 10% 

Apotransferrin 2.5 µg/ml 

BPE 35 µg/ml 

Cholera Toxin 0.5 ng/ml 

FBS 0.25% 

hEGF 5 ng/ml 

Hydrocortisone 0.3 µg/ml 

Insulin 7.5 µg/ml 

Isoproterenol 5·10-6 M 

Oxytocin 0.1 nM 

 

Fibroblast cells also were present in organoid culture. For fibroblast removal, differential trypsinisation 

was performed, as the fibroblasts easily become detached. 

 

All the cultured cells were maintained at 37ºC and 5% of CO2. Accumulated cellular growth was 

determined by the formula: PD=PDinitial+log2 (Nfinal/Ninitial), where Ninitial is the number of viable cells 

plated, and Nfinal is the number of viable cells harvested. 

 

Inducible expression of TRF2DBDM 

TRF2DBDM expression was induced by adding doxycycline (DOX) (Sigma) (1 µg/ml) to the culture medium. 

TRF2DBDM expression was sustained for 24 h or 72 h, and DOX was replaced every 48 h. For the TRF2DBDM 

expression block, the cell medium were removed, the culture was washed twice with PBS and fresh 

medium was added. The cells were allowed to recover for 6 days after DOX removal. 

 

Lentiviral particles: production and immortalisation 

A tetracycline inducible lentiviral vector was generated as described in (Bernal et al, 2018a). In addition, 

lentiviral particles were generated as described in (Bernal et al, 2018a). 

 

For cellular immortalisation, the HMECs were transduced at passage 1 with lentiviral particles coding for 

the hTERT gene product under the promoter from CMV (Addgene: 12245). After cells recovery (between 

PD 3 and PD 7), the HMECs were transduced with lentiviral particles coding for SV40LT under chicken 

ß-actin promoter, and mCherry fluorescence protein, which is under the control of an IRES, (Addgene 

58993). The transduction of TRF2DBDM and rtTA3 lentiviral particles was performed at around PDs 10-

18 and PDs 18-31, respectively. The TRF2DBDM gene was under the control of the CMV inducible 

promoter (a kindly gift from Dr Rudolph) and the rtTA3 gene was under the control of the UbC promoter 

(a kindly gift from Dr Fraser). 

 

The cells transduced with TRF2DBDM and rtTA3 were selected by G418 (300 µg/ml) and hygromycin (300 

µg/ml) antibiotics, respectively. 

 

Protein expression: western blot 
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Proteins were extracted with 2% SDS, 67mM Tris HCl (pH 6.8) containing protease and phosphatase 

inhibitors. Protein extracts were sonicated twice at 25% amplitude for 15 s, centrifuged at 10,000 g for 

10 min and boiled at 95ºC for 10 min. The proteins were quantified using the BCA method (Life 

Technologies) and absorbance was measured at 540 nm with a Victor3 spectrophotometer (PerkinElmer). 

A total of 30 µg were separated using 3-8% Tris acetate or 10% Bis-Tris gels at 35 mAmp and transferred 

onto nitrocellulose or PVDF membranes at 30 V (Life Technologies). The membranes were blocked with 

5% BSA or non-fat milk. The primary antibodies were: rabbit anti-hTERT (Rockland, 600-401-252S), 

mouse anti-SV40 st+LT (Santa Cruz Biotechnology, sc-148), mouse anti-TRF2 (Novus Biologicals, 

4A794.15) mouse anti-a-Tubulin (Sigma, B-5-1-2). The secondary antibodies used were: anti-mouse or 

anti-rabbit horseradish peroxidase (HRP) conjugated antibodies. The primary antibodies were incubated 

overnight at 4ºC, while the secondary antibodies were incubated at room temperature 1 h. 

Chemiluminiscent detection was performed using HRP solution and luminol (Millipore). Western blot 

images were acquired with Chemidoc and were processed with Quantity One (BioRad). 

 

Flow cytometry and live cell sorting 

Cell lineage analysis: The cells were trypsinised and resuspended in PBS-2% FBS. Between 5·105 and 106 

cells were incubated with Anti-CD10 (Clone HI10A, Biolegend), conjugated with APC, and/or Anti-

CD227 (Clone 16A, Biolegend), conjugated with PE, for 25 min at room temperature and left in dark 

conditions. Incubations with the isotype controls (Clone MOPC-21, Biolegend) were performed 

simultaneously. The samples were analysed using a FACs Canto flow cytometer (Beckton Dickinson), and 

excited with 488 nm for forward scatter and side scatter. For APC, excitation was done with 635 nm 

laser and measured on an APC detector (620/20 nm Band pass filter). For PE, excitation was done with 

488 nm laser and measured on an FITC detector (530/30 nm Band pass filter). Single cells were gated 

first by forward scatter (FSC 488/10 nm) and side scatter (SSC 488/10 nm). CD10 and CD227 positive 

populations were gated in relation to their respective isotype controls. The data were analysed with BD 

FACSDiva software v7.0. 

SV40LT detection: SV40LT protein detection was performed as described in (Bernal et al, 2018a). 

Cell cycle: Cell cycle analysis was performed as described in (Bernal et al, 2018a). 

FACS sorting 2N-4N: The cells were trypsinised and a total of 3·106 cells were incubated with Hoescht 

(5 µg/ml) for 30 min in dark conditions at 37ºC. Sorting of diploid and polyploid cell populations was 

carried out using a FACSAria I SORP cell sorter (Beckton Dickinson). Excitation of the sample was done 

using a blue (488 nm) laser for FSC, a green-orange laser (561 nm) for the SSC signal, and a UV laser 

(350 nm) for Hoechst 33342 excitation, which was measured on a 440/40 nm detector. The cells were 

gated first by forward scatter and side scatter parameters and doublets were discriminated using their 

increased FSC-width signal. Single cells were plotted on a histogram to identify and sort G0 and polyploid 

cells. 

 

2D Cell imaging 

Metaphase spread, telomere and centromere detection and karyotype analysis: 

Exponentially growing cell lines, control and non-induced cell lines were exposed to colcemid (Gibco) (0.2 

µg/ml) for 1 h. Afterwards, the cells were trypsinised, swollen in 0.075 M KCl and fixed in methanol:acetic 
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acid (3:1). The cell suspension was dropped onto clean slides and stored at -20ºC until use. Pepsin 

treatment was performed for cytoplasm removal. 10 mM of HCl solution were heated at 37ºC and pepsin 

(Sigma) (50 mg/ml) was added and heated for 10 min. The slides were incubated in the HCl-pepsin 

solution at 37ºC, for at least 3 min. The aggressiveness of the pepsin treatment depended on the 

cytoplasm present and the treatment time ranged from 3 min to 10 min. The slides were rinsed with PBS 

and fixed with 4% paraformaldehyde. Subsequently, telomere and centrosome PNA-FISH was performed 

as described in (Bernal et al, 2018a). 

 

The modal karyotype was calculated over a minimum of 20 metaphases. The metaphase spreads were 

examined under an Olympus BX61 epifluorescence microscope. The fluorochromes were viewed through 

simple filters and the images were captured and analysed using Cytovision software (Applied Imaging) 

and/or ImageJ software (Version 2.0.0-rc-67/1.52d). 

 

Anaphase bridges: Non-treated and 72 h DOX treated cells were cultured on coverslips. The coverslips 

were rinsed with PBS, fixed with 4% of paraformaldehyde at 37ºC, and permeabilised with 1% Triton X-

100 at room temperature. Finally, the cells were counterstained with DAPI. The cells were examined 

under an Olympus BX60 epifluorescence microscope. Two independent treatments were applied and a 

minimum of 250 of anaphase cells were recorded. The data were included in a contingency table and 

statistical differences were tested using Fisher’s exact test, in which p-values lower than 0.05 were 

considered significant. 

 

3D cultures 

Acini growth: 5000 cells were seeded in an 8-wells chamber slide on top of a Matrigel (lot number: 

6004754, Corning) surface or Matrigel:collagen bovine type I (Corning) (1:1) surface. The assay medium 

for acini growth was composed of M87AX medium supplemented with 2.5% of Matrigel or the 

Collagen:Matrigel mixture and was replaced every two days. 

 

Cell growth analysis and 3D immunofluorescence: At day ten, acini growth was monitored with an 

inverted microscope (Leica) and the acini size was analysed with Extended-depth of field plugin from 

ImageJ. Afterwards, the acini were rinsed with PBS and fixed with 4% of formalin for 30 min at room 

temperature. Formalin was removed, and acini were triple-rinsed with PBS:Glycine for 10 min. 

Permeabilisation step was performed with 0.5% of Triton X-100 for 5 min with gentle agitation, and three 

washes were performed with IF-wash solution (PBS; 0,5 mg/ml sodium azide; 1 mg/ml BSA; 0,2% Triton 

X-100; 0,05% Tween 20, pH: 7.4) for 10 min with gentle agitation. The blocking step was performed 

with IF-wash solution supplemented with 10% goat serum overnight at room temperature. The primary 

antibodies were incubated 2 h at room temperature with gentle agitation (TABLE 5). The acini were triple-

rinsed with IF-wash solution for 20 min before the secondary antibodies, which were incubated for 1 h. 

One 20 min wash with IF-wash solution was followed by a DAPI counterstaining (0,5 ng/ml) for 5 min 

with gentle agitation. Then two washes were performed after that, each lasting 5 and 20 min. 

 

Table 5. Antibodies used for immunofluorescence 
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Primary antibodies Host Clone; Source 

Anti-Integrin a-6 Rat GoH3; BD 

Anti-Cleaved Casp3 Rabbit Polyclonal 9661; Cell 

Signaling 

Anti-H3-Ser10 Rabbit Polyclonal 9701; Cell 

Signaling 

   

Secondary antibodies Conjugated  

Anti-Rat Alexa Fluor A488  

Anti-Rabbit Alexa Fluor 647  

Anti-Rabbit Alexa Fluor A488  

 

3D cell imaging: Acini immunofluorescence was examined under an inverted confocal microscope (Zeiss 

and Leica) and captured in Z-stack. The cells from the acini and positive stain were evaluated manually 

with ImageJ. 

 

Mice xenografts 

Mice experiments were performed by Growth Factors group from Vall d’Hebron Institute of Oncology. 

Mice care and procedures were conducted according to the protocols approved by the Ethics Committee 

on Animal Research of Vall d’Hebron Institute of Oncology and by the Departament d’Agricultura, 

Ramaderia, Pesca i Alimentació of Generalitat de Catalunya. 

 

Three groups of cells from CP3, CP5 and 14p were prepared for the mice xenograft model. More 

specifically, group 1 included non-DOX treated cells, group 2 included DOX-treated and sorted diploid 

cells and lastly group 3 included DOX-treated and sorted polyploid cells. 15·106 cells were resuspended 

in a PBS:Matrigel solution (1:1). For each group and cell line, the cellular solution (5·106 cells/100 µl) was 

injected into the mammary gland of 5 mice Balb/c nude females (TABLE 6). Groups 1 and 2 in the CP3 cell 

line consisted of 6 mice and for group 3 consisted of 4 mice. Mice care was provided by the VHIO Animal 

Facility until the mice were sacrificed at day 369. Tumour volume and animal weight were monitored 

during the time of the experiment. Tumour volume was given by the equation: 
!"#$%&×()*%&+

, -.
 

 

Table 6. Number of cells injected in mice and their population doubling 

 CP3-TO CP5-TO 14p-TO 

Group 1: Non-treated cells (PD) 102.03 96.86 92.48 

Injected cells per mouse 3·106 3·106 2.2·106 

Group 2: 2N DOX treated cells (PD) 99.34 106.20 93.99 

Injected cells per mouse 3·106 3·106 3·106 

Group 3: 4N DOX treated cells (PD) 98.17 105.60 93.72 

Injected cells per mouse 3·106 3·106 3·106 

 

Statistical analysis 

Data analysis was carried out with GraphPad Prism version 5 software (GraphPad Software). Normality 

distribution was tested with the Saphiro-Wilk normality test. The data sets were compared using Fisher’s 

exact test and Mann-Whitney test, and are indicated in the main test. P-values less than 0.05 were 

considered significant. 
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Supplementary tables 
 

Supplementary table 1. Presence of anaphase bridges and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment - 72 h - 72 h - 72 h - 72 h 

Total anaphases (n) 583 623 574 561 298 460 412 416 

Anaphase with 

chromatin bridges (n); 

(%) 

95 

16.30% 

163 

26.16% 

199 

34.67% 

255 

45.45% 

40 

13.42% 

189 

41.09% 

78 

18.93% 

198 

47.60% 

Fisher’s exact test p-

value 
<0.0001 0.0002 <0.0001 <0.0001 

 

Supplementary table 2. Karyotype analyses after persistent or transient telomere deprotection 

Cell line DOX treatment 
Cells analysed 

(n) 
Modal karyotype Cells with fusions (n); (%) Fusions per cell 

CP3-TO - 23 
45 

88 

8 

39.13% 
0.48 

CP3-TO 72 h 20 46 
10 

50.00% 
0.75 

CP3-TO 7x24 h 20 
85 

160 

7 

35.00% 
0.50 

CP5-TO - 24 
46 

79 

9 

37.50% 
0.42 

CP5-TO 72 h 29 
46 

77 

15 

51.72% 
0.79 

CP5-TO 5x24 h 20 
> 80 

<45 

7 

35.00% 
0.90 

14p-TO - 24 88 
1 

4.167% 
0.04 

14p-TO 72 h 25 86 
9 

36.00% 
0.64 

14p-TO 5x24 h 24 86 
9 

37.50% 
0.46 

 

Supplementary table 3. Acinar size in Matrigel culture and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment Unexposed 
Exposed 

5th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

5th cycle 

Mean 

(pixels/area) 
22231 19464 16869 19252 16714 21551 17546 17643 

SEM 1780 993.6 929.1 858.4 936.4 1429 1192 967.2 

Mann-Whitney 

test p-value 
0.9501 0.0019 0.0050 0.2181 
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Supplementary table 4. Acinar size in collagen:Matrigel culture and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment Unexposed 
Exposed 

5th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

5th cycle 

Mean 

(pixels/area) 
20674 25138 18821 25893 17783 28521 39343 33694 

SEM 1591 1188 809.8 1746 732.0 1839 2821 2396 

Mann-Whitney 

test p-value 
<0.0001 0.0005 <0.0001 0.0884 

 

Supplementary table 5. Presence of buds and branches in acini cultured in Matrigel and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment Unexposed 
Exposed 

5th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

5th cycle 

Mean (Buds and 

branches per 

acini) 

0.217 0.000 0.040 0.000 0.000 0.080 0.245 0.408 

SEM 0.076 0.000 0.040 0.000 0.000 0.039 0.075 0.137 

Mann-Whitney 

test p-value 
NA NA NA 0.691 

 

Supplementary table 6. Presence of buds and branches in acini cultured in collagen:Matrigel and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment Unexposed 
Exposed 

5th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

5th cycle 

Mean (Buds and 

branches per 

acini) 

0.608 0.116 0.204 0.161 0.070 0.225 2.070 1.071 

SEM 0.126 0.044 0.105 0.132 0.034 0.116 0.320 0.242 

Mann-Whitney 

test p-value 
0.0002 0.5863 0.3362 0.0125 

 

Supplementary table 7. Acini polarisation and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment Unexposed 
Exposed 

5th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

5th cycle 

Total acini 

analysed (n) 
46 50 50 50 50 50 49 49 

External signal 

(n); (%) 

39 

88.48% 

49 

98.00% 

50 

100.00% 

49 

98.00% 

49 

98.00% 

47 

94.00% 

46 

93.88% 

29 

59.18% 

Lack signal (n); 

(%) 

7 

15.22% 

1 

2.00% 

0 

0.00% 

1 

2.00% 

1 

2.00% 

3 

6.00% 

3 

6.12% 

20 

40.82% 

Fisher’s exact 

test p-value 
0.0262 1.000 0.6173 <0.0001 

 

Supplementary table 8. Apoptosis ratio in acini and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment Unexposed 
Exposed 

5th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

5th cycle 

Mean (cleaved 

CASP3 per total 

cells) 

0.054 0.063 0.092 0.042 0.108 0.070 0.121 0.079 

SEM 0.007 0.011 0.011 0.008 0.010 0.016 0.022 0.013 

Mann-Whitney 

test p-value 
0.9554 0.0042 0.0005 0.1001 
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Supplementary table 9. Proliferation ration in acini and statistics 

 CP3-TO CP4-TO CP5-TO 14p-TO 

DOX treatment Unexposed 
Exposed 

5th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

4th cycle 
Unexposed 

Exposed 

5th cycle 

Mean (cleaved 

H3-Ser10 per 

total cells) 

0.016 0.009 0.015 0.027 0.041 0.020 0.030 0.034 

SEM 0.002 0.001 0.004 0.007 0.004 0.004 0.004 0.004 

Mann-Whitney 

test p-value 
0.0207 0.3045 0.0006 0.4949 

 

 
Supplementary figure 1. Acini growth of CP5-TO and 14p-TO cell lines in Matrigel (A.) or collagen:Matrigel (B.) 
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La pèrdua contínua de repeticions telomèriques i/o el mal funcionament o mutacions de les proteïnes 

shelterin condueixen a la disfunció telomèrica per l’inhabilitat de mantenir l’estructura de t-loop (Cesare 

& Karlseder, 2013). Estudis murins han establert que la disfunció telomèrica juntament amb la inactivació 

de p53 (Artandi et al, 2000; Chin et al, 1999) i la reactivació de la telomerasa (Hu et al, 2012; Ding et al, 

2012), potencia la transformació cel·lular i la tumorigènesis. En humans, tot i que no està formalment 

demostrat, a mesura que els individus envelleixen es produeix un escurçament telomèric en la major part 

dels teixits (Harley et al, 1990). Aquesta podria estar relacionada amb l’increment en la incidència del 

càncer amb l’edat dels individus, conjuntament amb l’acumulació de mutacions al llarg de la vida, els canvis 

epigenètics i els canvis el microambient de estroma (DePinho, 2000). Per altra banda, certa controvèrsia 

existeix en la implicació de les proteïnes shelterin en l’establiment d’una població potencialment tumoral. 

En humans, mutacions en les proteïnes shelterin no són freqüents en els tumors (Sanger Institute, 2018). 

Fins l’actualitat, s’han descrit mutacions no sinònimes de sentit erroni (mutations missense) en les 

proteïnes POT1 (Ramsay et al, 2013; Shi et al, 2014; Robles-Espinoza et al, 2014; Calvete et al, 2015; 

Bainbridge et al, 2015), TPP1 (Aoude et al, 2015; Spinella et al, 2015) i RAP1 (Aoude et al, 2015) que 

podrien estar directament relacionades amb la incidència de càncer familiars. Aquesta baixa incidència de 

mutacions en les proteïnes shelterin podria estar associada amb l’efecte deleteri que tenen sobre la 

viabilitat cel·lular. De fet, els models murins knockouts de proteïnes shelterin demostren que la seva 

deficiència, excepte per RAP1 (Sfeir et al, 2010), és letal pel desenvolupament embrionari dels ratolins 

(Celli & de Lange, 2005; Karlseder et al, 2003; Hockemeyer et al, 2006; Wu et al, 2006; Martínez et al, 

2009; Okamoto et al, 2008). Per contra, la disfunció transitòria de les proteïnes shelterin TRF2 (Begus-

Nahrmann et al, 2012) i POT1A (Davoli & de Lange, 2012) en cèl·lules de ratolí indueix la formació de 

tumors. 

 

Amb l’objectiu de determinar la capacitat de la disfunció telomèrica d’originar cèl·lules humanes altament 

reorganitzades i amb potencial tumorigènic s’han establert línies cel·lulars epitelials mamàries que han 

experimentat disfunció telomèrica, tant per escurçament de la longitud telomèrica com per deficiències 

en la proteïna shelterin TRF2 (TRF2
DBDM). Els resultats obtinguts reforcen un model en el qual la cèl·lula 

és capaç de tolerar el dany gradual derivat del escurçament telomèric progressiu i seguir proliferant. El 

restabliment de la funcionalitat telomèrica i la immortalització cel·lular podria afavorir una població 

susceptible a la transformació cel·lular. Per contra, la deficiència de TRF2, una proteïna clau en la 

protecció del telòmer, indueix un dany extensiu i global en la cèl·lula, el que provoca una forta activació 

de la DDR, un arrest cel·lular que seria incompatible amb la proliferació de les cèl·lules susceptibles 

d’esdevenir altament reorganitzades. 

 

1. La disfunció telomèrica, el dany progressiu vs el 

dany agut 
Els efectes de l’escurçament telomèric progressiu en la integritat genòmica es van estudiar en les cèl·lules 

vHMECs amb p16INK4a inactivat (Treball I). La inactivació del promotor del gen CDKN2A permet a les 

cèl·lules superar la senescència i continuar proliferant en un ambient sense activitat telomerasa (Brenner 

et al, 1998; Romanov et al, 2001). En les HMECs, els mecanismes que controlen la proliferació cel·lular 
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en altres teixits o tipus cel·lulars semblen ser més restrictius. En fibroblasts humans, l’escurçament 

telomèric progressiu condueix a la senescència replicativa (Bodnar et al, 1998). Aquest arrest és produeix 

principalment per l’activació de p53 i p16INK4a i, per tant la seva inactivació evita l’arrest cel·lular i afavoreix 

la proliferació cel·lular (Beauséjour et al, 2003; Shay & Wright, 1989). S’ha demostrat que la senescència 

es produeix per l’acumulació de telòmers excessivament curts i disfuncionals en les cèl·lules (Kaul et al, 

2012). Més concretament, el dany acumulatiu de 4-5 telòmers disfuncionals (telomere induced foci, TIFs) 

és suficient per activar p53 i l’entrada en senescència. Aquests TIFs són resistents a processos de fusió i 

per aquest motiu les cèl·lules senescents no presenten cromosomes dicèntrics en el seu cariotip (Kaul et 

al, 2012). Diferents estudis han demostrat que la resistència a les fusions telomèriques està modulada 

per la permamència de la proteïna shelterin TRF2 als telòmers. A mesura que el telòmer es va escurçant, 

la conformació el t-loop i la modulació de l’activació de la DDR resten limitades. No obstant, tot i que 

l’estructura de llaç no es pugui formar, el telòmer conté suficient quantitat de TRF2 per evitar l’activació 

dels mecanismes de reparació (Cesare et al, 2009, 2013). 

 

Malgrat que la inactivació de p16INK4a permet prolongar la proliferació de les vHMECs més enllà de la 

senescència (Huschtscha et al, 1998), aquestes cèl·lules no proliferen indefinidament sinó que finalment 

moren (Treball I) (Romanov et al, 2001; Garbe et al, 2007; Feijoo et al, 2016), en un procés denominat 

agonescència (Romanov et al, 2001) que es troba regulat per p53 (Garbe et al, 2007). Es creu que 

l’activació de p53 ve determinada per l’increment del dany causat per telòmers disfuncionals juntament 

amb els DSBs originats a través dels trencaments cromosòmics associats a cicles BFB (Huschtscha et al, 

2009). De fet a mesura que s’agreuja la disfunció telomèrica hi ha un increment de reorganitzacions 

cromosòmiques que va acompanyada per un increment de p53-Ser15, Chk2-Thr68, g-H2AX i 53BP1 

(Treball I) (Zhang et al, 2006b; Garbe et al, 2009; Domínguez et al, 2015). Aquestes reorganitzacions 

cromosòmiques no responen únicament a la fusió de dos extrems amb telòmers desprotegits, sinó també 

a la fusió DSBs resultants de cicles BFB (McClintock, 1941) amb altres extrems trencats o telòmers 

disfuncionals (Latre et al, 2003; Soler et al, 2005; Tusell et al, 2008). El Treball I mostra, d’acord amb altres 

estudis (Soler et al, 2005; Tusell et al, 2008) com a mesura que s’incrementen el nombre de PDs, hi ha un 

increment tant en el nombre de end-to-end fusions com de fragments cèntrics i acèntrics que podrien ser 

derivats dels successius cicles BFB. Alhora, l’increment de cèl·lules aneuploides i poliploides associada a 

la disfunció telomèrica progressiva detectada en el Treball I i prèviament descrita per altres autors 

(Pampalona et al, 2012; Davoli & de Lange, 2012) podria contribuir també a incrementar la DDR en les 

cèl·lules amb disfunció telomèrica agreujada. Així doncs, en les vHMECs amb p53 funcional l’escurçament 

telomèric progressiu conduiria al desenvolupament de CIN gràcies a la generació de cicles BFB i el 

nombre creixent de dany cromosòmic associat induiria l’activació de p53 i l’agonescència. 

 

De forma rellevant però, la inactivació de p53 en les vHMEC no evita la seva mort (Treball I) (Wright & 

Shay, 1992). En aquest cas, les cèl·lules moren per crisi, un procés de mort massiva relacionada amb 

mecanismes independents de p53 (Romanov et al, 2001) i la reorganització massiva del genoma. Per tant, 
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la funcionalitat de p53 determina si les cèl·lules moren per agonescència o per crisi. En les vHMECs 

analitzades, la crisi cel·lular després d’haver inactivat p53 mitjançant un short hairpin de RNA ocorre a un 

PD no gaire més elevat al que es produeix l’agonescència en les vHMECs amb p53 funcional, suggerint 

que la inactivació de p53 no permet allargar gaire més la vida del cultiu (Treball I). La inactivació de p53 

produeix un increment en quant a la freqüència d’anomalies estructurals i numèriques respecte el cultiu 

amb p53 funcional (Treball I), tal i com ha estat descrit a la literatura (Chin et al, 1999; Artandi et al, 2000; 

Roake & Artandi, 2017). I afavoreix la viabilitat de les cèl·lules tetraploides, tal i com es descriu a l’apartat 

4.3. Però, per molt que l’absència de p53 funcional permet que les cèl·lules siguin més tolerants al dany 

genòmic (Cesare et al, 2009; Kaul et al, 2012), el desenvolupament d’un genoma massa inestable pot 

concloure en la mort cel·lular (Kops et al, 2004; Weaver et al, 2007; Ganem et al, 2009; Janssen et al, 

2009; Bakhoum & Landau, 2017). Per tant, independentment de la funcionalitat dels checkpoints de cicle 

cel·lular, la presència de telòmers excessivament curts i l’elevada reorganització del genoma conduiria 

irremeiablement a la mort cel·lular. 

 

En ratolins, la reactivació de la telomerasa després d’un període de disfunció telomèrica alleugereix el 

dany telomèric i permet la progressió tumoral (Ding et al, 2012; Hu et al, 2012). Més concretament, 

mentre la disfunció telomèrica pot incrementar la variabilitat genòmica, conferint noves característiques 

a les cèl·lules, la reactivació de la telomerasa seleccionaria aquelles amb una avantatge proliferativa i/o 

metastàtica (Ding et al, 2012). Tanmateix, la immortalització de les vHMECs-shp53 amb la subunitat 

catalítica de la telomerasa redueix de manera dràstica la CIN, tot suggerint que l’expressió de hTERT 

restableix la funcionalitat telomèrica i permet la proliferació cel·lular de les cèl·lules menys reorganitzades 

(Treball I). La disminució de la inestabilitat cromosòmica podria estar relacionada amb el llindar de dany 

que una cèl·lula pot tolerar. Mentre una presència baixa d’anomalies seria permissiva amb la viabilitat 

cel·lular, una elevada reorganització cariotípica podria ser letal per les cèl·lules. 

 

La disfunció telomèrica a més de produir-se per escurçament telomèric, pot generar-se artificialment 

mitjançant la modificació de les proteïnes shelterin (Karlseder et al, 2002; Cesare & Karlseder, 2013) i 

específicament manipulant TRF2. L’expressió de TRF2DBDM, una proteïna truncada deficient en el domini 

Myb i Bàsic, permet la dimerització de TRF2 però evita la seva unió al DNA telomèric i, per tant 

compromet la formació del t-loop. Cal destacar que en aquest cas, es produeix una desprotecció aguda 

del telòmers (Takai et al, 2003) que indueix un fort arrest cel·lular depenent de p53 i pRb en fibroblasts 

humans (Steensel et al, 1998; Smogorzewska & de Lange, 2002; Jacobs & de Lange, 2004) o apoptosi en 

cas de cèl·lules epitelials (Karlseder et al, 1999). Per evitar l’aturada del creixement cel·lular i controlar 

l’expressió del TRF2DBDM es va desenvolupar un model d’expressió condicional de TRF2DBDM regulat per 

doxiciclina. Primerament es va establir en la línia cel·lular mamària immortalitzada MCF-10A no 

tumorigència (Treball II) (Soule et al, 1990) i posteriorment en cèl·lules epitelials primàries derivades de 

glàndula mamària (Treball III). Mitjançant aquest sistema es van desprotegir els telòmers de forma 

controlada i s’observaren les conseqüències sobre les cèl·lules a curt i a llarg termini, demostrant-se els 
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efectes antagònics en el desenvolupament de la CIN quan s’indueix disfunció telomèrica al expressar la 

proteïna truncada TRF2DBDM respecte a quan es produeix escurçament telomèric progressiu (Treball I). 

 

L’expressió de TRF2DBDM i la desprotecció telomèrica va verificar-se mitjançant western blot i la presència 

de TIFs després de 24 h d’inducció (Treball II) en 3 línies cel·lulars derivades de la línia cel·lular MCF-10A, 

que presentaven diferents funcionalitats dels checkpoints de cicle cel·lular (TO amb inactivació de 

p16INK4a; SH-TO amb inactivació de p16INK4a i p53; SV-TO amb inactivació de p53 i pRb). A més, 

l’expressió continuada del dominant negatiu de TRF2 al llarg de 96 h, resultà en un increment de fusions 

cromosòmiques amb DNA telomèric intersticial i un increment de ponts anafàsics, tal i com havia estat 

descrit anteriorment (Steensel et al, 1998; Karlseder et al, 1999; Smogorzewska & de Lange, 2002; Jacobs 

& de Lange, 2004), en les tres línies testades derivades de les MCF-10A (Treball II). A més, la freqüència 

d’anomalies es veia incrementada en funció de la funcionalitat de les vies de p53/pRb (Treball II), 

demostrant altra vegada que la inactivació dels checkpoints permet la proliferació de cèl·lules que 

presenten un nombre elevat d’anomalies cromosòmiques. En un ambient amb escurçament telomèric 

progressiu com ara les vHMECs, la presència de ponts anafàsics s’ha relacionat amb l’entrada de les 

fusions cromosòmiques en cicles BFB i subseqüent reorganització del genoma a nivell estructural (Soler 

et al, 2005; Pampalona et al, 2010; Treball I) i numèric (Pampalona et al, 2010, 2012). No obstant, en el 

cas de l’expressió del TRF2DBDM no va observar-se un increment de cèl·lules amb reorganitzacions 

estructurals ni aneuploïdes compatibles amb la generació de cicles BFB en cap de les línies testades, tot 

i l’increment en el nombre de fusions i formació de ponts anafàsics (Treball II). Es podria especular que 

96 h d’inducció del TRF2DBDM no són suficients per tal de visualitzar els efectes dels cicles BFB. Tanmateix, 

després d’induir durant 5 setmanes cicles de protecció i desprotecció telomèrica tampoc es va observar 

un increment en reorganitzacions cromosòmiques secundaries derivades de cicles BFB o un augment en 

la incidència de cèl·lules tetraploides (Treball II). A més, aquesta absència en la generació de CIN no era 

deguda a una pèrdua de l’eficiència d’expressió de TRF2DBDM (Treball II), a diferència del que s’ha observat 

en fibroblasts de ratolí amb p16INK4a inactivat (Zhang et al, 2012). Els efectes de l’expressió de TRF2DBDM 

a llarg termini també van ser avaluats en línies cel·lulars induïbles després de modificar genèticament 

cèl·lules epitelials primàries procedents de reduccions mamàries de 4 pacients sanes (Treball III). La 

funcionalitat del casset induïble va ser confirmada mitjançant western blot i la inducció de ponts 

cromatínics després d’exposar les 3 línies a 72 h de DOX a PDs inicials (Treball III). Tanmateix, i coincidint 

amb els resultats en les línies modificades de les MCF10A (Treball II), tampoc s’observaren un nombre 

creixent de fusions cromosòmiques amb telòmers intersticials o reorganitzacions cariotípiques 

característiques de l’entrada en cicles BFB després de diversos cicles de protecció i desprotecció 

telomèrica (Treball III). En resum, els nostres estudis indiquen que l’expressió transitòria de TRF2DBDM 

produeix un un dany telomèricque és deleteri per a les cèl·lules, evitant que aquestes proliferin i s’iniciïn 

cicles BFB i CIN. 

 

Aquest efecte nociu s’havia descrit anteriorment en fibroblasts de ratolí i d’humà quan l’expressió del 

TRF2DBDM fou constitutiva o es va induir la deleció de TRF2 de les cèl·lules. A conseqüència, les cèl·lules 

en funció de la línia cel·lular entraven en senescència o bé induïen l’apoptosi (Steensel et al, 1998; 

Karlseder et al, 1999; Smogorzewska & de Lange, 2002; Jacobs & de Lange, 2004). En les MCF10A, no 
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s’han observat cèl·lules amb cossos apoptòtics o l’acumulació de debris al medi de cultiu compatible amb 

fenòmens d’apoptosi, ni tampoc un increment de cèl·lules amb marcatge de b-galactosidasa signe de 

senescència cel·lular després d’expressar TRF2DBDM durant 24 h o 96 h (Treball II). Tot plegat i 

conjuntament a L’absència de defectes en el perfil de cicle cel·lular de les cèl·lules tractades versus les no 

tractades, indicaria que la desprotecció massiva dels telòmers en una cèl·lula suposaria un senyal d’estrès 

massiu que conduiria a l’arrest cel·lular i posterior mort. Cal destacar que existeix una variabilitat en quant 

a l’expressió de TRF2DBDM en les línies cel·lulars generades. Aquesta variabilitat pot condicionar el nivell 

de desprotecció telomèrica que presenten les cèl·lules i la seva resposta al dany infligit. La clonació 

homogeneïtzaria l’expressió de TRF2DBDM, i en conseqüència la desprotecció telomèrica, i permetria així 

una visió més acurada de la resposta cel·lular al dany telomèric ocasionat. 

 

Estudis recents en fibroblasts humans han suggerit que una desprotecció telomèrica exagerada és la 

causa de la crisi cel·lular (Hayashi et al, 2015). Més concretament, la presència de fusions cromosòmiques 

provocaria un atur perllongat durant la mitosi cel·lular, durant el qual es promouria l’eliminació de 

proteïnes TRF2 del telòmer via Aurora B (Hayashi et al, 2012, 2015). Aquesta eliminació provocaria una 

desprotecció telomèrica massiva agreujant encara més el dany cel·lular, activant la DDR per sobre d’un 

llindar que conduiria a la mort cel·lular per mecanismes dependents (Hayashi et al, 2012) o independents 

de p53 (Hayashi et al, 2015). En el seu conjunt, els resultats obtinguts tant al Treball II com al Treball III 

anirien en concordança amb els resultats descrits pel laboratori del Dr. Karlseder (Hayashi et al, 2012, 

2015), però amb certs matisos. En les MCF10A, l’exposició a 24 h sostingudes de TRF2DBDM, produeix un 

nombre aproximat de 17 TIFs en les TO i les SH-TO (Treball II) mentre que en les línies cel·lulars epitelials 

amb p53 funcional presentarien menys de 5 TIFs (Kaul et al, 2012). Donat aquest model d’agreujament 

de la desprotecció telomèrica, podríem especular que el baix nombre de telòmers desprotegits de manera 

simultània en les vHMECs activaria la DDR localment, permetent a la cèl·lula reparar els extrems 

desprotegits via NHEJ i iniciar cicles BFB i CIN. Tanmateix, la progressiva erosió telomèrica conjuntament 

amb els DSBs derivats dels cicles BFB, conduiria a la coexistència d’un nombre més elevat d’extrems 

desprotegits i s’incrementaria el nivell de dany. La conjunció del dany genòmic i la desprotecció telomèrica 

mediada per Aurora B durant l’arrest mitòtic agreujaria el dany genòmic assegurant la correcta activació 

de la DDR i la mort cel·lular (Hayashi et al, 2012, 2015). Per altra banda, la desprotecció simultània d’un 

nombre elevat de telòmers mitjançant l’expressió del TRF2DBDM conduiria directament a les cèl·lules a un 

nivell d’activació de la DDR per sobre d’un llindar compatible amb la viabilitat cel·lular. A conseqüència, 

les cèl·lules restarien aturades o s’induiria l’apoptosi evitant així que les cèl·lules amb un elevat dany 

cel·lular i amb un potencial risc d’esdevenir inestables puguin continuar proliferant. 
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2. Immortalització de cèl·lules telomèricament 

estables o inestables 

En el transcurs d’aquesta tesi s’ha treballat amb dues estratègies d’immortalització cel·lular. Per una banda 

s’ha reactivat la telomerasa mitjançant la transducció del seu domini catalític (hTERT) en cèl·lules vHMECs 

proficients i deficients per la proteïna p53 (Treball I). Per altra banda s’ha combinat la utilització d’hTERT 

amb la transducció de l’antigen Large T del virus SV40 (SV40LT) (Treball III). La utilització d’una o altra 

estratègia d’immortalització ha estat determinada per la necessitat d’inactivar conjuntament els 

checkpoints de cicle cel·lular. 

 

Les vHMECs són cèl·lules finites i, tal com s’ha esmentat a l’apartat 4.1, sucumbeixen a l’agonescència 

(Romanov et al, 2001) o crisi (Garbe et al, 2007) en funció de la funcionalitat de p53. A finals dels anys 

1990 va determinar-se que l’expressió ectòpica d’hTERT en fibroblasts humans permet allargar la longitud 

telomèrica tot evitant la senescència replicativa (Bodnar et al, 1998). De forma rellevant, en el procés 

d’immortalització de fibroblasts humans mitjançant la sobreexpressió d’hTERT poden diferenciar-se dues 

etapes de comportament. En una primera etapa, les cèl·lules presenten una dinàmica de creixement amb 

característiques pròpies de cèl·lules normals tals com: un cariotip diploide (Bodnar et al, 1998), la capacitat 

de diferenciació cel·lular, la inhibició per contacte (Milyavsky et al, 2003) o el creixement dependent 

d’ancoratge (Lee et al, 2004). En el cas concret de les cèl·lules epitelials mamàries, la introducció d’hTERT 

a PDs inicials després de la selecció permet mantenir un cariotip gairebé estable al llarg de com a mínim 

uns 130 PDs en cultiu (Treball I). Malgrat això, les cèl·lules que sobreexpressen hTERT acumulen diferents 

anomalies clonals, com és el cas de la trisomia del cromosoma 20 (Coursen et al, 1997; Toouli et al, 2002; 

Rao et al, 2003; Garbe et al, 2014) i que sembla estar relacionada amb el procés d’immortalització en si 

(Jin et al, 2004; Zhang et al, 2006a; Coursen et al, 1997; Savelieva et al, 1997; Liu et al, 2010). En una 

segona etapa i després de més de 150 PDs en cultiu, els fibroblasts humans immortalitzats es 

caracteritzen per presentar una taxa de proliferació cel·lular incrementada que no està limitada pel 

contacte entre cèl·lules (Milyavsky et al, 2003) i que fomenta una proliferació cel·lular descontrolada. 

Aquest canvi en la dinàmica de les cèl·lules s’ha relacionat amb una baixa expressió o la inactivació de 

p16INK4a (Milyavsky et al, 2003). D’acord amb aquests resultats, la inactivació de p16INK4a (característica 

que presenten les cèl·lules epitelials mamàries humanes in vitro (Brenner et al, 1998)) podria facilitar la 

seva immortalització i posterior deriva genètica. De fet, la inactivació de p16INK4a succeeix in vivo en la 

glàndula mamària de dones sanes (Holst et al, 2003), a més s’ha observat la presencia de fusions 

telomèriques a l’inici de la tumorigènesis mamària (Tanaka et al, 2012) el que voldria dir que la inactivació 

de p16 i la disfunció telomèrica afavoririen la inestabilitat cromosòmica. Els estudis realitzats amb les 

vHMECs que sobreexpressen hTERT (vHMEC-hTERT) se situen a un PD 130 i, tot i que presenta dos 

cromosomes marcadors, podríem considerar que aquestes cèl·lules no han patit una forta deriva genètica 

(Treball I). Així doncs, seria interessant determinar si les vHMECs-hTERT més enllà del PD 150 són 

susceptibles d’adquirir noves mutacions que li podrien atorgar una avantatge proliferativa que podria 

afavorir la transformació cel·lular. 

 



 Telomere Deprotection and the Maintenance of Genome Integrity: Discrepancy Between Telomere Shortening and Shelterin Dysfunction 197 

 

Mentre que la immortalització de vHMECs a PDs inicials no produeix a mig termini una elevada CIN, 

l’expressió d’hTERT en cèl·lules telomèricament compromeses que presenten CIN, podria generar 

cèl·lules immortals cromosòmicament aberrants. De fet, es creu que la contínua reorganització del cariotip 

en cèl·lules immortals podria conduir a la generació d’un procés tumoral gràcies a l’estabilització de la 

longitud telomèrica. Però, en el cas concret de les vHMECs, la immortalització de les cèl·lules p53 

proficients (vHMECs-p53+/+) a PDs més avançats i que presentaven telòmers disfuncionals no es va 

aconseguir (Treball I). S’ha descrit que les vHMECs-p53+/+ requereixen un temps de conversió durant el 

qual es produeixen canvis epigenètics i d’adaptació necessaris per adquirir finalment la immortalització 

completa (Stampfer et al, 1997, 2001, 2003). El temps de conversió oscil·la entre 10 i 30 passatges, i 

s’inicia per una fase d’immortalització condicional caracteritzada per la presència de telòmers 

excessivament curts (TRF ≤3 kb), creixement cel·lular lent i l’expressió de p57 (Stampfer et al, 1997) un 

regulador negatiu de la proliferació cel·lular (Guo et al, 2010). La immortalització completa, s’assoleix quan 

les cèl·lules no expressen p57, són capaces de créixer independentment del factor TGF-b, i la longitud 

telomèrica es situa entre els 3 i 7 kb (Stampfer et al, 1997). TGF-b és un regulador negatiu de la 

proliferació i possible inhibidor de l’expressió de la telomerasa (Li et al, 2006), per tant s’ha suggerit que 

l’expressió de hTERT requeriria un canvi epigenètic i induiria la resistència a l’acció del TGF-b (Stampfer 

et al, 2001). Així doncs, durant el temps de conversió en les nostres cèl·lules, l’activitat de la telomerasa 

era possiblement baixa i, aquest fet conjuntament amb l’absència de marcador de selecció en el 

constructe que permetés forçar la seva expressió (Treball I), probablement conduí a un escurçament de 

la longitud telomèrica i a l’acumulació d’un excessiu nombre de telòmers disfuncionals abans d’aconseguir 

la immortalització completa. Tot això suggereix que, per tal d’immortalitzar les vHMECs-p53+/+ s’ha 

d’establir un equilibri entre la longitud telomèrica, la ratio de creixement i el temps de conversió. En altres 

paraules, les cèl·lules vHMEC-p53+/+ immortalitzades seran aquelles que hauran assolit el procés de 

conversió abans de presentar un llindar de dany suficient capaç de desencadenar l’agonescència cel·lular. 

 

S’ha descrit que aquest procés de conversió no ocorre en les vHMECs deficients per la proteïna p53 

(vHMEC-p53-/-) (Stampfer et al, 2003). Aquestes cèl·lules no expressen p57 i després de la transducció 

d’hTERT presenten un creixement cel·lular independent de TGF-b, assolint la immortalització cel·lular 

pocs PDs després de la transfecció/transducció de hTERT (Stampfer et al, 2003). Tot plegat suggeriria 

que la proteïna p53 estaria implicada en els canvis que ocorren entre la transducció d’hTERT i la completa 

immortalització cel·lular. Com s’ha esmentat, la immortalització de vHMECs en un ambient de disfunció 

telomèrica estaria regida per un llindar en el nombre de telòmers disfuncionals que evita una activació 

completa de la DDR. La inactivació de p53 permet una major tolerància al dany genòmic, visualitzat per 

l’acumulació de més reorganitzacions cromosòmiques en les cèl·lules vHMECs-shp53 (Treball I i Treball 

II) o en el nombre de TIFs basals en diferents tipus cel·lulars (Cesare et al, 2009; Kaul et al, 2012). Així 

doncs, aquestes dades suggeririen que les vHMECs-shp53 s’immortalitzarien ràpidament a un PD més 

avançat que les vHMECs-p53+/+, la qual cosa queda demostrada al Treball I en la línia vHMEC estudiada. 

Tal i com s’ha comentat anteriorment, la presència d’inestabilitat cromosòmica en les vHMEC-shp53 

s’incrementa amb els PDs, però el restabliment de la funcionalitat telomèrica mitjançant la sobreexpressió 

d’hTERT, immortalitza les cèl·lules (vHMECs-shp53-hTERT) i redueix dràsticament la inestabilitat 

cromosòmica present en aquestes. Tot i així, la reducció no és absoluta i les vHMEC-shp53-hTERT 
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segueixen presentant alguns cromosomes dicèntrics i fragments cromosòmics, i signes de cicles BFB com 

ara ponts anafàsics i cromatina retardada en la migració als pols durant la mitosi (Treball I). El manteniment 

d’un nivell baix d’inestabilitat permetria a les cèl·lules seguir proliferant i derivant genèticament. De fet, 

la CIN requereix un temps llarg de latència que, condicionada per l’atzar i l’evolució Darwiniana, podria 

originar una població altament reorganitzada o amb signes de transformació cel·lular (Weaver et al, 2007). 

Els tumors humans d’origen epitelial presenten una elevada heterogeneïtat cariotípica presentant 

translocacions recíproques, delecions, amplificacions, cromosomes dicèntrics, guanys i pèrdues de 

cromosomes i/o un cariotip quasi tetraploide(Mitelman et al, 2018). S’ha estimat que les cèl·lules 

cancerígenes presenten almenys 1 mutació en un oncogen, 3 mutacions en gens supressors de tumors, 

3 amplificacions, 5 delecions, 2 guanys de cromosomes sencers, 2 pèrdues de cromosomes sencers, 12 

delecions focals i 11 amplificacions focals (Zack et al, 2013; Davoli et al, 2013). L’elevada quantitat 

d’anomalies en cèl·lules tumorals contrasta amb el nombre d’anomalies obtingudes al immortalitzar amb 

hTERT cèl·lules vHMECs-shp53 telomèricament inestables (Treball I), indicant que per generar el cariotip 

altament reorganitzat de les cèl·lules tumorals és possiblement necessària la combinació de diferents 

mecanismes generadors de CIN. Entre aquests, es situen a més de la disfunció telomèrica (Maciejowski 

& de Lange, 2017; Bernal & Tusell, 2018), l’estrès replicatiu (Burrell et al, 2013), defectes en l’ancoratge 

i la segregació dels cromosomes (Ganem et al, 2009; Silkworth & Cimini, 2012) i mutacions/deficiències 

en proteïnes involucrades en la reparació del DNA (Sishc & Davis, 2017). Aquests mecanismes no són 

exclusius i podrien coexistir, provocant un efecte sinèrgic sobre la CIN el que afavoriria la transformació 

cel·lular. 

 

Una altra estratègia emprada per immortalitzar cèl·lules en aquesta tesi va ser mitjançant la combinació 

d’hTERT amb l’antigen SV40LT (Treball III). Aquesta tàctica d’immortalització incloïa doncs la reactivació 

de la telomerasa i la inactivació de les vies de senyalització regulades per p53 i pRb. L’antigen SV40LT 

interfereix en la interacció de les proteïnes pRb-pocket proteins (pRb; p107; p130) amb els factors de 

transcripció E2F (E2F1-8) i, a més s’ha descrit que també interacciona amb p53, estabilitzant-la i 

bloquejant la seva interacció amb altres proteïnes [revisat per (Ahuja et al, 2005)]. Tal i com s’ha explicat 

en l’apartat 1.4 d’aquesta tesi, l’eliminació de TRF2 del telòmer desprotegeix el telòmer, activa la DDR i 

condueix la cèl·lula a la senescència cel·lular o l’apoptosi mediades per les proteïnes p53 i pRb (Karlseder 

et al, 1999). Per poder estudiar la resposta de cèl·lules primàries derivades de glàndula mamària a 

disfunció telomèrica induïda per TRF2DBDM i evitar l’efecte deleteri de l’expressió d’aquest, es van inactivar 

els checkpoints de cicle cel·lular mitjançant l’expressió de l’antigen SV40LT (Treball III). A més d’en les 

HMEC, l’antigen SV40LT també va utilitzar-se per inactivar els checkpoints de cicle cel·lular en les 

MCF10A, MCF-10A-SV-TO (Treball II). Curiosament, encara que va utilitzar-se el mateix constructe en 

les transduccions d’ambdós tipus de cèl·lules, l’expressió del SV40LT en les MCF10A s’acaba perdent 

(Treball II). Aquest fet s’ha descrit en cèl·lules epitelials mamàries humanes que presenten p16INK4a 

inactivat (Huschtscha et al, 2001; Toouli et al, 2002). I s’ha suggerit que les vHMECs, apart de presentar 

la inactivació de p16INK4a, presenten altres canvis epigenètics que impedirien la immortalització mitjançant 

l’antigen SV40LT (Huschtscha et al, 2001; Toouli et al, 2002). A partir d’aquí, podria suggerir-se que 

l’expressió del SV40LT podria inactivar-se o bé ser deleteri per les cèl·lules epitelials mamàries variants. 

A conseqüència de la pèrdua de l’antigen SV40LT en les MCF-10A, els efectes citogenètics de l’SV40LT 
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no són comparables a llarg termini en les dues línies cel·lulars. L’antigen SV40LT interacciona amb 

proteïnes relacionades amb la formació i l’estabilització dels microtúbuls, com TACC2 (Tei et al, 2009), i 

amb les proteïnes BUB1 i BUB3 relacionades amb el punt de control de la mitosi(Cotsiki et al, 2004). 

Aquestes interaccions provoquen la desestabilització dels microtúbuls (Tei et al, 2009) i defectes en la 

formació del fus (Tei et al, 2009) però eviten l’activació del punt de control de la mitosi (Cotsiki et al, 

2004). Això comporta la generació d’errors en la segregació cromosòmica i es fomenta l’aneuploidïa i la 

tetrapoidització cel·lular al llarg de les divisions (Ray et al, 1992; Cotsiki et al, 2004; Hein et al, 2009). 

Coincidint amb aquestes observacions la pèrdua de l’SV40LT en les MCF10A-SV-TO evita l’acumulació 

d’anomalies numèriques amb els PDs (Treball II). Mentre que en les HMEC-hTERT-SV-TO, on l’antigen 

SV40LT no desapareix amb el temps, la població aneuploide i poliploide incrementa a mesura que passen 

els PDs (Treball III). Aquests resultats demostren els efectes colaterals de la inactivació de p53 i pRb 

mitjançant l’expressió de l’antigen SV40LT, ja que aquest interfereix en la funcionalitat de múltiples 

proteïnes. Per evitar aquests efectes i inactivar específicament p53 i pRb, altres estratègies podrien ser 

més idònies. Per exemple, les vHMECs podrien immortalitzar-se mitjançant les proteïnes E6 E7 del virus 

HPV-16, (Band et al, 1991; Wazer et al, 1995), les quals degraden p53 (Scheffner et al, 1993) i pRb (Boyer 

et al, 1996), no obstant aquesta immortalització també estaria lligada a l’increment de la inestabilitat 

cromosòmica (Coursen et al, 1997; Savelieva et al, 1997). També es podrien utilitzar altres procediments 

a l’ús de proteïnes víriques com és l’expressió de short-hairpins específics o la modificació gènica 

mitjançant la tecnologia CRISPR. 

 

3. Telòmers disfuncionals, tetraploidització i 

carcinogènesis 

Les cèl·lules procedents dels tumors epitelials presenten un genoma altament reorganitzant que es 

caracteritza per cariotips quasi tetraploides que presenten un gran ventall d’anomalies estructurals com 

numèriques (Mitelman et al, 2018). Diferents simulacions computacionals suggereixen que les 

tetraploides inestables són les responsables de l’elevada reorganització cromosòmica i heterogeneïtat 

cariotípica (Shackney et al, 1989; Laughney et al, 2015). La presència de múltiples centrosomes durant la 

divisió cel·lular de les cèl·lules tetraploides afavoreix la segregació anòmala dels cromosomes i una elevada 

taxa en la pèrdua d’aquests. Aquesta elevada l’heterogeneïtat genòmica facilitaria el ressorgiment d’una 

població altament reorganitzada i amb capacitat proliferativa a un menor cost a diferència de les cèl·lules 

diploides que no serien tan tolerables a la pèrdua de cromosomes i una elevada reorganització genòmica 

(Laughney et al, 2015). El potencial tumorigènic de les cèl·lules tetraploides inestables fou demostrat tant 

in vitro com in vivo en cèl·lules de ratolí (Fujiwara et al, 2005). Més concretament, les cèl·lules tetraploides 

inestables foren capaces de créixer de forma independent d’ancoratge i formar tumors quan foren 

injectades en ratolins immunodeprimits (Fujiwara et al, 2005). 

 

La disfunció telomèrica origina cèl·lules tetraploides telomèricament inestables mitjançant 

endoreduplicació (Davoli et al, 2010; Davoli & de Lange, 2012) o regressió de la citocinesi, (Pampalona 

et al, 2012). Mentre que els fenòmens d’endoreduplicació són freqüents en fibroblasts humans, la 

regressió de la citocinesi és més pròpia de les cèl·lules epitelials mamàries humanes (Davoli & de Lange, 
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2012). De fet, l’estudi de diferents línies de vHMECs han demostrat que en totes elles es produeix un 

increment de la tetraploidització cel·lular a mesura que les cèl·lules van envellint, però el percentatge 

d’inducció és variable (Pampalona et al, 2012; Domínguez et al, 2015) (Treball I). Malgrat la creixent 

inducció de cèl·lules tetraploides en vHMECs-p53+/+ a mesura que envelleixen en cultiu, quan aquestes 

s’immortalitzen mitjançant d’hTERT, la fracció tetraploide acaba desapareixent del cultiu (Pampalona et 

al, 2012) fent palès la seva incapacitat proliferativa. De fet, en les vHMECs-p53+/+ no apareix un pic 

creixent de cèl·lules 8C en el citòmetre (Pampalona et al, 2012) (Treball I) demostrant que l’acumulació 

de cèl·lules tetraploides es produeix bàsicament per la continua regressió de l’anell contràctil en cèl·lules 

telomèricament inestables. De fet, la presència de p53 funcional en les cèl·lules tetraploides atura el cicle 

cel·lular a G1 evitant la proliferació de les cèl·lules tetraploides (Margolis et al, 2003). Recentment s’ha 

descrit que la via de senyalització supressora de tumors Hippo estaria implicada en l’arrest cel·lular de les 

cèl·lules tetraploides però no de les aneuploides (Ganem et al, 2014). La presència de centrosomes extres 

seria l’estímul per activar la via de senyalització Hippo que a través de la proteïna LATS2 estabilitzaria 

p53 i inhibiria els reguladors transcripcionals YAP1 i WWTR1 (Ganem et al, 2014). Aquests reguladors 

transcripcionals tenen un paper important en el control de la mida cel·lular, limiten la proliferació cel·lular 

i indueixen l’apoptosi (Gumbiner & Kim, 2014). Tot plegat aquesta via de senyalització arrestaria les 

cèl·lules tetraploides a G1 i evitaria la seva proliferació. Conseqüentment, la inactivació de p53 afavoriria 

la proliferació de cèl·lules tetraploides tal i com s’ha descrit a la literatura (Andreassen et al, 2001) i 

observat al Treball I i al Treball II. I no sols això, sinó que aquestes cèl·lules 4N presenten una taxa 

d’anomalies cromosòmiques més elevada que les cèl·lules p53 competents. La inactivació de p53 també 

permet l’acumulació d’anomalies, tals com cèl·lules quasi diploides i quasi tetraploides o la presència de 

centrosomes supernumeraris (Pantic et al, 2006). La presència de centrosomes supernumeraris durant la 

divisió cel·lular afavoreix les unions merotèliques entre els cinetocors i els microtúbuls i indueix la 

formació de divisions pseudobipolars o multipolars (Cimini et al, 2002; Ganem et al, 2009). Aquesta 

elevada reorganització cel·lular i la seva permissivitat conferiria noves característiques com el creixement 

independent d’ancoratge (Ho et al, 2010). 

 

De forma rellevant, la reactivació de la telomerasa després d’un període de disfunció telomèrica 

alleugereix el dany telomèric i permet la progressió tumoral en models murins de càncer de pròstata i 

limfomes de les cèl·lules T (Ding et al, 2012; Hu et al, 2012). Tanmateix la transducció d’hTERT en cèl·lules 

vHMEC-p53-/- telomèricament inestables va disminuir dràsticament la població tetraploide i la taxa 

d’anomalies inestables com ara cromosomes dicèntrics (Treball I). Tot i aquesta reducció, les cèl·lules 

tetraploides persisteixen al cultiu, amb un nivell similar al que presenten les cèl·lules epitelials mamàries 

a un PD baix però a diferència, presenten una taxa d’anomalies cromosòmiques inestables més elevada 

que podrien anar reorganitzant el cariotip al llarg del temps (Treball I). S’ha descrit que l’estrès replicatiu 

és inherent en les cèl·lules tetraploides i afavoriria una elevada taxa d’errors de segregació que seria 

compatible amb la viabilitat cel·lular (Wangsa et al, 2018). Per tant, la confluència d’almenys quatre factors 

que són la inactivació de p53 (Ganem et al, 2014), la sobreexpressió d’hTERT (Ding et al, 2012), les 

divisions pseudobipolars o multipolars degudes a centrosomes supernumeraris (Ganem et al, 2009) i 

l’estrès replicatiu (Wangsa et al, 2018), podrien donar lloc amb el temps a una població tetraploide o quasi 
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tetraploide immortalitzada que evolucionés cariotípicament i adquirís característiques pròpies de la 

transformació cel·lular. 

 

Fenòmens de tetraploidització cel·lular també s’observen quan es modifiquen les proteïnes shelterin 

(Davoli et al, 2010; Davoli & de Lange, 2012), indicant que aquest és un efecte intrínsec a la disfunció 

telomèrica. A més, la disfunció condicional de POT1A en fibroblasts de ratolí que expressaven SV40LT 

va induir la formació de cèl·lules tetraploides inestables les quals van ser capaces de créixer de forma 

independent d’ancoratge i de generar tumors en ratolins immunodeprimits (Davoli & de Lange, 2012). Els 

tumors originats a partir d’aquestes cèl·lules 4N presentaven un cariotip quasi tetraploide, que suggereix 

que les cèl·lules tetraploides inestables presenten una evolució cariotípica que afavoreix la pèrdua de 

cromosomes (Davoli & de Lange, 2012). De fet, les divisions multipolars i les divisions pseudobipolars són 

responsables de l’elevada plasticitat de les cèl·lules tetraploides [revisat per (Vitale et al, 2011)]. Aquests 

resultats ens van animar a determinar si la disfunció telomèrica mitjançant l’expressió intermitent de 

TRF2DBDM en cèl·lules epitelials mamàries humanes també era capaç d’originar cèl·lules tetraploides 

potencialment tumorigèniques (Treball II i Treball III). 

 

Després de derivar HMECs directament de teixit glandular, es van generar diferents línies cel·lular 

immortals que expressaven TRF2DBDM de forma condicional i regulada per doxiciclina (Treball III). Es van 

realitzar un mínim de 5 cicles intermitents de disfunció telomèrica i es va valorar el potencial tumorigènic 

de les cèl·lules resultants. Una estratègia per testar in vitro el potencial transformador de les cèl·lules és 

mitjançant el seu cultiu en matrius tridimensionals. En Matrigel, les cèl·lules epitelials mamàries no 

tumorals tendeixen a originar acini organitzats i lúmens buits, mentre que les tumorals tendeixen a formar 

estructures no polaritzades (Petersen et al, 1992) i desorganitzades i que podrien evitar la formació del 

lumen del acini (Debnath et al, 2002) o inclús envair-lo. L’anàlisi de quatre línies cel·lulars que havien patit 

diversos cicles de doxiciclina i que presentaven una taxa de tetraploidització d’entre 11% i 49% no 

mostraren diferencies substancials entre elles que indicaren algun efecte diferencial (Treball III). Les 

diferències observades entre els grups control i els grups que van patir cicles de protecció-desprotecció 

telomèrica semblen estar lligades al llinatge majoritari que presentava cadascuna de les línies cel·lulars 

generades (Treball III). S’ha descrit que el perfil genètic pot condicionar la morfologia que presenten els 

acini formats (Kenny et al, 2007). Els acini del tipus estrellat presenten un fenotip més invasiu i estan 

formats per cèl·lules basals del subtipus B, les quals expressen vimentina i un perfil d’expressió propi de 

les cèl·lules mare i podrien estar relacionats amb els tumors triple-negatius (Neve et al, 2006). Les línies 

cel·lulars emprades en aquesta tesi presenten algunes similituds amb els acini derivats de cèl·lules 

tumorals, com l’absència de lumen buit, una estructura acinar desorganitzada, i en alguns casos una 

estructura més invasiva. Però no ens demostren el potencial tumorigènic que podrien tenir aquestes 

cèl·lules, tant les cèl·lules que no havien patit cicles de disfunció telomèrica com les que si. 

 

El potencial tumorigènic va ser testat en ratolins immunodeprimits després de separar les cèl·lules 

diploides i poliploides originades després de diversos cicles de protecció-desprotecció telomèrica. Però, 

a diferència de l’estudi de Davoli & de Lange, 2012 en cèl·lules murines, les cèl·lules humanes tetraploides 

no van ser capaces de generar tumors (Treball III). Cal destacar que l’anàlisi del cariotip de les cèl·lules 
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HMECs-hTERT-SV-TO a PD avançats que no havien rebut doxiciclina va demostrar en totes elles uns 

alts nivells de poliploidització cel·lular (Treball III). Aquests resultats, conjuntament amb la baixa incidència 

de fusions telomèriques i reorganitzacions cromosòmiques secundaries derivades dels cicles BFB en les 

HMECs-hTERT-SV-TO induïdes, demostrarien que l’expressió de l’antigen SV40LT és el responsable de 

l’increment en la ploïdia cel·lular observada, tal i com ha estat prèviament descrit (Ray et al, 1992; Cotsiki 

et al, 2004; Tei et al, 2009; Hein et al, 2009). De fet, aquest increment de la poliploïdia estaria associat al 

procés d’immortalització de les cèl·lules HMEC mitjançant l’antigen SV40LT, el qual hauria interferit en 

l’anàlisi dels efectes de la disfunció de la proteïna TRF2 en les cèl·lules epitelials mamàries humanes 

emprades en el Treball III. Tant mateix, la CIN associada a la presencia de SV40LT no és suficient per 

induir la formació de tumors en ratolins immunodeprimits (Treball III), i per tant, es requeriria d’altres 

estímuls com una elevada expressió de H-RAS per transformar les cèl·lules (Elenbaas et al, 2001). Aquesta 

manca de desenvolupament tumoral descrita al Treball III contrasta amb els estudis murins en els quals 

es desenvolupen carcinomes hepatocel·lulars desrpés d’inocular cèl·lules telomèricament inestables que 

havien expressat intermitentment TRF2DBDM (Begus-Nahrmann et al, 2012). L’expressió de la telomerasa 

en cèl·lules que presentaven CIN depenent de disfunció telomèrica afavoriria la viabilitat de les cèl·lules 

inestables i promouria el desenvolupament tumoral (Begus-Nahrmann et al, 2012). L’absència 

d’evidències tant in vivo com in vitro que impliquin la disfunció telomèrica transitòria deguda a l’expressió 

del TRF2DBDM en cèl·lules epitelials humanes amb el desenvolupament tumoral suggereix que les cèl·lules 

murines i les cèl·lules epitelials mamàries humanes no es comporten igual. En el seu conjunt, suggeriria 

que el control exercit sobre la proliferació cel·lular en cèl·lules humanes és possiblement més rigorós que 

en les cèl·lules de ratolí. 

 

Les cèl·lules de ratolí expressen constitutivament la telomerasa i la seva proliferació no està condicionada 

per l’escurçament telomèric. No obstant, l’escurçament telomèric degut a l’absència de la telomerasa en 

cèl·lules TERC-/- murines (Lee et al, 1998), i la inactivació de p53 (Chin et al, 1999) afavoreixen la formació 

de carcinomes amb una elevada inestabilitat cromosòmica (Artandi et al, 2000). Aquests tumors tindrien 

un límit proliferatiu degut a l’escurçament exagerat de la longitud telomèrica i posterior crisi cel·lular (Ding 

et al, 2012). La reactivació de la telomerasa estabilitzaria aquest dany i obriria un nou horitzó en el 

desenvolupament tumoral (Hu et al, 2012; Ding et al, 2012). Per contra, les cèl·lules humanes requeririen 

de múltiples mutacions que afectarien a les proteïnes supressores de tumors com p53, pRb, proteïnes 

implicades en la proliferació cel·lular com les pertanyents a la família RAS i l’estabilització telomèrica 

(Elenbaas et al, 2001; Rao et al, 2003; Ince et al, 2007), entre d’altres (Hanahan & Weinberg, 2011). 

 

4. Consideracions finals 

Les cèl·lules tumorals poden presentar una elevada heterogeneïtat genòmica associada a la CIN. Diferents 

estudis suggereixen que els nivells de CIN han de mantenir-se en un rang òptim, ni molt alta ni molt baixa, 

per tal d’originar i perpetuar una població cromosòmicament inestable (Bakhoum & Landau, 2017). Si els 

nivell de CIN són baixos, la penetrància de les reorganitzacions cromosòmiques serà baixa. Per contra, 

elevats nivells de CIN podrien ser letals per la cèl·lula o originar cèl·lules filles no viables (Kops et al, 2004; 

Weaver et al, 2007; Ganem et al, 2009; Janssen et al, 2009). Per tant, per iniciar el procés tumoral i 
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promoure la seva evolució caldria una CIN capaç de generar una elevada plasticitat cariotípica que fos 

permissiva amb la viabilitat cel·lular (Bakhoum & Landau, 2017). 

 

La disfunció telomèrica podria ser descrita com un mecanisme dual en el manteniment de la integritat 

genòmica, que evita la proliferació d’aquelles cèl·lules amb telòmers curts o bé promou la CIN que 

afavoriria la generació d’una població susceptible a la transformació cel·lular. Aquesta dualitat dependria 

principalment de la funcionalitat dels checkpoints cel·lulars i la estabilització de la funcionalitat telomèrica. 

El Treball I mostra com l’escurçament telomèric pot ser inductor de CIN i possiblement promotor de la 

transformació cel·lular. Per contra, el Treball II i l’Treball III mostren que la disfunció telomèrica deguda a 

disfunció de TRF2 evita la proliferació de cèl·lules amb una agreujada disfunció telomèrica. Aquesta doble 

acció és possiblement deguda al nivell de dany ocorregut al telòmer. En el cas de la disfunció telomèrica 

deguda a escurçament telomèric progressiu (Treball II), quan un o varis telòmers queden desprotegits 

alhora el dany és reparat immediatament en forma de fusió cromosòmica. Un cop reparat, la cèl·lula pot 

seguir proliferant, tot i que la presència de fusions cromosòmiques poden iniciar cicles BFB, derivant 

llavors en CIN i l’evolució contínua del cariotip. Per altra banda, la disfunció de les proteïnes shelterin 

provoca un dany telomèric global que seria letal per la viabilitat cel·lular. Específicament, l’absència de 

proteïna TRF2 causa l’obertura del llaç telomèric i exposa els extrems cromosòmics a les proteïnes 

implicades en la senyalització i reparació del dany genòmic. L’excessiva desprotecció telomèrica derivada 

de l’expressió del mutant TRF2DBDM provoca un elevat dany cel·lular, indueix una forta aturada del cicle 

cel·lular i promouria la mort cel·lular. El dany telomèric infligit, inclús quan l’expressió del TRF2DBDM ocorre 

en breus cicles de desprotecció, impedeix el ressorgiment d’una població inestable deguda a l’expressió 

del TRF2DBDM. De fet, el Treball II i l’Treball III demostren que la desprotecció massiva i de forma simultània 

dels telòmers indueix un dany tal que evita la proliferació cel·lular. Aquests Treballs II i III reforcen 

l’existència d’un mecanisme addicional per tal de mantenir la integritat genòmica de les cèl·lules humanes. 

 

Recentment, diferents estudis in vitro proposen la utilització de les proteïnes shelterin TRF1 (Bejarano et 

al, 2017; García-Beccaria et al, 2015) i TRF2 (Bai et al, 2014; Di Maro et al, 2014) com a dianes 

terapèutiques per lluitar contra el càncer. Aquesta proposta es basaria en la forta activació de la DDR i la 

disminució del creixement cel·lular quan aquestes s’eliminen del telòmer. Més concretament, la deleció 

de Trf1 en un model murí de glioblastoma i de càncer de pulmó redueix la mida dels tumors i incrementa 

la supervivència dels ratolins independentment de la longitud telomèrica (Bejarano et al, 2017; García-

Beccaria et al, 2015). Per altra banda, la inhibició de TRF2 mitjançant short-hairpin en cèl·lules de 

glioblastoma inhibeix la proliferació de cèl·lules mare i promou la diferenciació cel·lular, l’arrest cel·lular i 

l’apoptosi (Bai et al, 2014). Aquests efectes afavoreixen la supervivència dels ratolins xenotransplantats 

amb cèl·lules humanes de glioblastoma modificades genèticament (Bai et al, 2014). Tanmateix, la inhibició 

de les proteïnes shelterin mitjançant adenovirus (García-Beccaria et al, 2015) i lentivirus (Treball II; Treball 

III) (Bai et al, 2014; Bejarano et al, 2017) per tal d’introduir els gens d’interès en humans in vivo pot suposar 

problemes de bioseguretat, tècnics i ètics, degut a la introducció al cos de partícules virals. Per aquest 

motiu és important desenvolupar diferents inhibidors sintètics (García-Beccaria et al, 2015; Di Maro et al, 

2014) podrien obrir noves estratègies de tractament anti-tumoral. 
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1. Progressive telomere shortening results in a telomere insult that is permissive with cell viability and 

allows the reorganisation of the genome through telomere-dependent CIN. But, once telomere damage 

exceeds a certain threshold, cells succumb to agonescence or crisis. The immortalisation of telomere 

unstable cells results in a dramatic reduction of CIN levels, as telomerase reactivation relieves telomere 

damage. Albeit this reduction the p53-deficient, immortalised cells still display some degree of instability 

that, with continuous proliferation, could probably evolve to originate a highly reorganised unstable cell 

line. 

 

2. Brief periods of massive telomere deprotection due to shelterin dysfunction prevents the emergence 

of CIN in immortalised human cell lines. After TRF2 depletion, signs of telomere deprotection such as 

TIFs and end-to-end fusions are evident. But once telomere protection is restored, scars of ongoing BFB-

cycles and the emergence of unstable cells are unnoticed, thus evincing a withdrawal of damaged cells. 

Therefore, the deprotection of many telomeres simultaneously might exceed a damage threshold that 

prevents proliferation of cells that could be at risk of transformation. 

 

3. Successive periods of shelterin dysfunction in hTERT- and SV40LT-immortalised human primary 

mammary epithelial cells also impeded the generation of telomere-compromised unstable cells, though 

cells developed reorganised karyotypes due to SV40-LT transformation side-effects. Nonetheless, none 

of the reorganised cells displayed tumourigenic features in three dimensional cultures nor formed 

tumours in immunocompromised mice, thus suggesting that a reorganised karyotype showing diploid- 

and tetraploid-unstable cells is not enough for the onset of human mammary carcinogenesis. 

 

4. The level of telomere damage controls the proliferative limits of the cell. Progressive telomere 

shortening results in a minor telomere damage that promotes DNA repair and is compatible with cell 

viability. This proliferative extension is at the expense of CIN emergence, through the initiation of BFB-

cycles. In contrast, the simultaneous confluence of a high number of unprotected telomeres, due to the 

TRF2 displacement, exceeds a damage threshold that prevents cell cycle progression of those cells 

suffering severe telomere uncapping. Overall, severe telomere deprotection emerges as an universal 

strategy to quickly impair the growth of dividing cells and, specifically, cancer cells under the new concept 

of “too much telomeric damage is lethal”. 
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